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“AMERICAN SOCIETY OF CIV 


WATER SUPPLY ENGINEERING 
THIRD REPORT OF = THE ‘COMMITTEE OF THE hy 
SANITARY ENGINEERING DIVISION = 


Since the publication of its First at and Second Reports" the Committee of 
the Sanitary Engineering Division on Water Supply Engineering has con- — 
tinued to consider as its special field of activity the reporting of any note- 


worthy progress in the science or art of supply engineering. 


bat 


- preventing: high 1 temperatures. in the mass concrete of dams by two methods: sh, 


(a) By | control of the composition of ‘the cement as in the Morris Dam 
the Pasadena, Calif. , water supply and the Boulder Canyon Dam; and ‘bar. 


(b) ‘The cooling of the concrete by: refrigerating pipes distributed | through 


Engineers of these projects with to the 


ence to date with these methods. 


_ already in print on all these developments. Among t these monographs i is one 5 
Z by R. W. Stenzel and S. B. Morris* M. Am. Soc. C. E., giving the technical 2 
procedure used in testing the heat- -producing properties of cement. A sum- 
mary of experience with the concrete- cooling installation at Boulder Dam eis “ 
written by Bryan W. Steele, Assoc. M. Am. Soc. It. shows 


completed part to the temperature | pre- e-determined as best the 


moi of the structure under stress. A further development is the elaborate eae a 
8 system of radial and circumferential joint planes with batteries of grouting is a 


- pipes leading to each joint, and copper strips: dividing the joint planes” into on 


discussion on this Third Report will be transmitted directly 
Chairman of the Committee for possible use in preparing subsequent reports, 
Presented at the meeting of the ‘Sanitary Baginerting Division at New York, N. 
Proceedings, Am. “Soe. B., December 1934, D. 1463 (two reports combined 
Pte 1 and 2, respectively), 
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TR 40 VADIRUMA 


An prone the caisson method to 


as “great as 130 ft. After two caissons were re sunk, decided 
to build the walls i in caissons placed | end to end. Pumping equipment 


s a _ which | lowered the ground- water level reduced the air pressure necessary t 


operate inside the caissons. Thirty- -one caissons ‘required for the -eore-wall of 


the dike have been sunk dal sealed to the ledge rock, 
YSATIMGS 


‘Exrra Larcr Coarsz AGGREGATE IN or Dams 


16 in. in diameter i in the coarse > aggregate of concrete for dams. 


ota A special apparatus has been introduced to pump » plastic | concrete through 
pipe for distances at least as great as 850 ft. _ Caleb M. Saville, M. Am. Soc. 
C. _E, eee the aga with details of the use of this new device 


, and adjacent municipalities. - Concrete is 


by ‘weight, min ina 1- -cu yd concrete mixer 
delivered through short inclined chute to a 2-cu 1 yd ‘remixing hopper 


equipped with a a ‘series of vertically mounted paddles which revolve slowly = 


nd ‘prevent segregatior of aggregates. ‘The remixing hopper is connected 
hrough a flanged opening i in its to the | conical intake section 


The following statistics relate to the Bills Brook Dam work to date: ign 


Total concrete placed, in 1 cubie peels. 
rate of pumping, in cubic yards per hour... _ about 
Maximum rate of pumping, in cubic yards per hour. about 33) > 
-Maximum sustained rate of pumping, in cubic yards» bac} 


; distance in Jinear feet 50 ft of 
A new system of controlling the moisture content and 
optimum moisture ‘content: of available 
_ intensity of compacting pressure may be measured by a simple newly « devised ca 
3 ‘apparatus, and embankments designed for requisite stability a and -water- tigh 


ness. Its use has demonstrated the great beneficial effect of pro proper r compacting ~ 


n increasing 
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ap appear | to have been, proved 


laboratory experiments. ‘with many k kinds soil. Thus, 
mbankment rolled by heavy « equipment, but with deticient moisture, m 
a hard embankment but may contain no ‘more material and may be 


no more i impervious s than one made of ‘the same material but with: 
moisture and rolled with lighter equipment. — 
ment, in time, will soften to the same point as as the other ‘embankment hailing 


the same dry material content; and a dam of. uniform and sufficiently im- 
. pervious material is as safe as one that has the conventional arrangement Be 


(that is, with porous material in the down-stream part), “plant ol 


Other new conceptions affecting accepted principles of dam design have s 


described" by R. R. Proctor, Assoc. M. Am. Soe. C. E. ‘hoe 


wit 
Cement Mortar FOR Pin Lines iw Srru 


process for lining pipes in the ground with cement mortar, introduced 


‘William Tate, of Australia, is being used extensively, in New 
Zealand and Australia, and was used during 1934 in Manchester, England, yf 

- for lining approximately 10 miles a 3-in. 5! 4-in., 5-in., and 6-in. Pipe. The pipe ia 

is first cleaned by the usual m ‘cable is placed in “the pipe; 
- quantity of cement mortar is then injected at one end of the section of about ee 


400 ft to be lined at one time, ‘and a specially. designed dehydrating mandrel 

‘is ace pate the pipe at the rate of about 20 ft per min. The Williams- ae 
Hazen coefficient of the resulting lining has been ‘measured as ; from: about 
140 to 150 when based 0 on the | actual diameter of the lining, and 65 for 3-in. ihe ‘a 


linings are made about 8 in. thick; they o« occupy a considerable part of the _ 
waterway: and, consequently, reduce the coefficient based on nominal diameter. 


in the Manchester (England) ‘Pipe ‘Yard purposes, 
‘The foregoing information is from the 


“teen applied successfully to pipe lines 8 in., 9 in 


& 
: pipe to 100 for 5- -in. pipe when based on the nominal diameter. ~The English rae 


Not able progress has been made in the measurement of tastes and odors — 


in water. a The earlier work toward these improvements is to be credited to | 


Charles H. Spaulding, ‘Chemist of the ‘Water- ‘and 


Gordo n M. Fair, M. Am. Soe. mon 


s then by the multiple which the of d 
the quantity 0 of water to be tested. 
more recent developments: are in apparatus and which take 
nto account the physical nature of the human mene organs. This entire _ 


Engineering News- Record, August 1933, D. 245. 
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many water supply laboratories, ‘and. supplements ‘the method 


5 namely, in the use of activated “carbon, ivy Powdered activated 


carbon is now used in more than 600 water- treatment plants in America, at 
times when the ‘water has noticeable taste or odor. some 


far, the taste and odor from certain waste from beet-sugar 
ave been found to be not removable by any quantities of carbon that may 
e used. George D. Norcom, Assoc. M. Am. Soe. C. E, notes that e experience with 


surface ‘water in areas suffering from extreme drought has shown that when 


ry 

‘st a water ‘becomes bad enough all methods now in use may fail to make it 


_ Liquid. chlorine continues to be the most important agent for the steriliza- 
tion of water, and improvements have continued to be made in the apparatus + 
for its application. ‘The: use of ton containers for. chlorine, fort merly confined 
to large plants, i is s increasing. owing to the economy. — Mr. Norcom states 


that _ammonic- -chlorine (chloramine), at first heralded as a general taste: 


larger residuals ‘of chlorine without causing ‘the ‘taste. of chlorine. the 
_ Sterilizing power of chlorine is reduced by the | ‘addition of ammonia, it has 
"become the policy to ce carry d double the residual that would be required vith 
alone. Ammonia, previous to chlorination to ‘water con- n- 
taining small quantities of phenol or certain | allied chemicals, will prevent 
» the formation of taste- e-producing compounds » which otherwise would be formed 
the action of chlorine on these chemicals, 
os Ae The per perfection of readily soluble calcium hypochlorites _ has Te- -awakened 
nterest in . hypochlorites for the sterilization of water and for other filter- 
jlent uses. _ The new hypochlorites are quite stable both dry and i in solution; 
y ‘do not clog orifices quickly ; and they contain | twice as much 
the best of the older bleaching powders. - 


WeeEDs on Taste or WATER anp ConTROL on ‘Weep Growrtn 


on tastes in water and ‘the methods of ‘conttaling the growth of ‘such weeds 
in reservoirs. and canals” have been by, G. Am rnold, Assoc. M. A 


‘Each type. of weed “was studied s in tub. of circulating water. 


(By “weed” is meant a rooted plant; not alge.) Lily pads, potamogeton, 


_-myriophyllum, -eladophora, lemna (duck weed) were 


taste, whereas chara does give a taste. Wt 


an unpublished presented before the of _the Am. 
Works Asso t L 
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WATER SUPPLY ENGINEERING 


‘chlorination, ands ammonia were all 


pat tl 


3 tried unsuccessfully to. remove ‘the taste, while filtration throug activated 


charcoal was very effective as long as the water was clear; if the water 
was turbid, filtration through sand and then charcoal was effective. oe ar 


The best 1 means s of controlling weeds was: oA covering the ‘reservoir to 


Growth was reduced by concrete. lining, especially o on areas of concrete rea le . 
4 by asphalt or tar. been ‘Killed by the water levels 


ing of copper er sulfate was effective only if the to change 


_ the water about every 24 hr; intermittent doses of copper sulfate were not. ce 


‘FOR Warer ‘Purtrication, AND App 


q 


price and. are promoted in competition | with alum. Th ‘he use of 


sulfate at Providence, R. has described by E. Bean, Chemist in 

- charge, and L. H. Enslow, Assoc. M. Am. Soc. C. E., advises that chlorinated . 

copperas is being used as the coagulant at Dallas, Tex. and Richmond, Va. 


The same authority states that. at Oklahoma City, Okla., ‘ferrous ‘chloride, 
at water purification plant by the action. of chlorine on iron 


a 


« 


is growing. more ‘of ‘treating filtered water, also 
y "corrosive, with lime or, in a few cases, 
soda ‘ash or caustic ‘soda, to ‘prevent or reduce corrosion and incrustation of 


mains and services. » process is controlled largely by 1 the so-called Marble 


test and tests for ‘the hydrogen- ion concentration, pH, and free carbon — 
dioxide, CO. “Such treatment, of course, cannot correct the loss of carrying 


eapacity ‘already suffered by. previous incrustation. permanent remedy 


or such loss of carrying capacity in mains 3 to 16 in. in diameter has =r 
devised (see heading» “Cement Mortar Lining» for Pipe Lines s in Situ”). 
| Processes. for ‘Te- coating large pipes which may be entered, were noted in 
Pa leans wishes to make a brief record of the freezing of many 


pipes and services in water ees in New England, New York, and the 


winter Severity. “801 various the character and wetness of soil, 
= cover, . climatic conditions, and degree of water circulation in the froze 


ft on Long Island, New York, and 5 ft in Northern. York 


"appear. to be sufficient for 1 ains and services. 
Proceedings, e. C. 
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A of points, not new, were emphasized by the 


(1) Pipes freeze at least as frequently directly after the extreme cold has ; 


as during the extreme cold. This appears be explained 

by continued escape of heat from the pipe upward into the layers: 

of ground which have not only become frozen by the extreme cold, but aoe 


2) Service g goose-necks from taps in tops of mains are the most ote » 


to freezing. Tapping on the sides Of mains, with goose-necks kept as low as 
the centers of mains, | have become, increasingly, the approved method. . 
The practice of lowering the grade of a street ‘without the 


water mains—often without notifying t the Water Department—is | a frequent 


’ “source of trouble. (No doubt. neglect on the part of the Water Department 


4) The. cost of lowering mains and services to avoid : a repetition of the | 
. experience of the winter of 1933-34 seems generally to be too great to permit 


a general lowering of all frozen services. In 1 many places the art of thawing — 

by electricity, and the consequent lowered cost correcting the freezing 


‘trouble 5 in this way, has reached a high state of development. Doubtless this has 


greatly to exe view managers that it is cheaper to pay 


during, this 


(5) Even the -wood coverings are not ‘proof against th the freezing 


and bursting of elevated tank risers which consist. of pipe. Large steel risers 
do v withstand the cold successfully. Overflow pipes within tanks are likely to 


be broken by. ice in n such weathe 
Water-Hammer. Problems in Water Supply Engineering. —The following 


statement is condensed from an article kindly furnished to the “Committee by is 


adverse experience in water supply systems, “nearly all studies 
the subject have been made in connection with hydro- and 


that appeared in Italy in 1908. ‘The latter on ‘three basic 


qd) The nature of ‘the pipe Tine (that is, size, thickness, and material) ; Q) 
the velocity of flow; | and (3) the rate of change i in velocity. japtinoees. waded ae 


SION The maximum water- hammer is ‘produced a pipe line without 


when a gate on the line is shut in the short time required for the surge to E 


travel — the gate to » the source of the flow (open reservoir or tank) and — 


‘The velocity of ‘the surge in a municipal distribution — 
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ween 600 ) and 4 200 ft per sec. This maximum 1 water- will 


ay 
_ In the past, the safety of the water supply d distribution system has been ae 
a: to the generally low velocity of flow, the slow closing of gates, and the 


use of steam pumps. Modern automatic valves and check- ‘valves have accentu-— 


7 ated the danger; moreover, with the introduction of the electric, motor- -driven, 2 
! centrifugal - pump many cases of damage are recorded where the power supply — 


to the motors failed and the water column in the discharge pipe was suddenly — . 


reversed and slammed the swing check-valve upon its seat. ~The same problem 

has. been encountered in modern automatic check- valves and no panacea has 


recent studies the theory of water-hammer has been developed to cover 


the more complex cases where pipe systems have different diameters, thickness, Pe 


and mi material in different t parts: and where branch lines exist. The computa-— 


Ps tions, while laborious, have ‘been simplified as to form and may sometimes. be 


aided by the use of a mechanical integrator “short-cut” 


are sometimes sufficient for practical purposes. 

_A Committee of the New ‘England Water Works Association is 


on loss of head in ‘pipes: in service in various water § systems. The First 


Report of the ‘Committee stated ‘that. data from fifty representative. cities | 


showed large variations of the value of oO in the Williams-Hazen formula for - 
of the e same service age. Curves drawn to compare the value of Cc as 


in Williams- Hazen tables and actually observed values 
unlined pipes show a marked difference. losses expected after 


_ David I L. Yarnell and the late Floyd A. Nagler, Members Am. Soe. Cc. _E. 


have presented the more outstanding results of a series of experiments of 


the flow of water around 6-in. pipe bends of various shapes and degrees of of cur- 


_ vature.” novel feature of the investigation was the use of transparent 


for the testing channels. i The experiments show that: ubodes 


(1) It is possible to have conditions i in which resistance to flow may be 


: very small or unusually large in in the same pipe bend carrying ‘identical ¢ quan- 

In a standard 90°, ¢-in. pi bend for he same 2 quantity of with 

4 high velocity on the inside and low. velocity 0 on the outside of the approach 


‘pipe, the loss of head may be four times as much as would be measured in 


| — 
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on the inside, of the to the iy a4 


(8) Present formulas for computing loss of head due to bends appear | 


goon only to cases in which | approximately ‘uniform velocity distribution 


“@ The losses of head in the bends experimented upon appear to vary as- 
oa the s square of the velocity and not the 2.25 power as suggested by Seer: ? 


— ©) Ap pipe bend may be as useful as any other device for the measurement 


oe (6) The | direction of flow of the secondary currents: in pipe bends ee ad 


entirely upon the velocity of distribution i in the approach pipe; 
(7 ) The same laws of flow bends to both closed 


We 
| 
e next edition 


1934, ‘and will be published in 1935, new Standard 


as been dra afted a 20- -page report of 


H 


A Tentative Standard for Steel Stand- Pines "Tanks pre 


viously published in the Journal of the Association, is undergoing slight re- 


vision before adoption as a final standard. Following the 48- page report on 
“Cross | -Conne ections Between Public ‘Water Supplies and Industrial and Fire 
4 Supplies,” published in the Journal of the Association in 1933, a supplement- 
cr. ‘i ary report was issued , in 1934, especially on outbreaks in 1933 of amabic 


Tentative Standards ‘of Chemicals Used in | “Water Purifica- 


od “were presented to ‘the Association in a report of ‘than 200, 


Standards Association Committee A-21 ‘ow 


This Committee | has 8 practically completed its extensive program of tests, 
including separate and ‘combined bursting and ‘crushing tests _of pipe sup 
s ml ported in ‘the several ¢ common methods ; tests of bursting strength of fittings . Le 
oe tests of loss of hydraulic head in ‘fittings; tests of corrosion of various kinds © 
: Of cast iron; tests of pipe linings and coatings, etc. - The Committee is now 


et in applying the results of its experiments anid: researches in the de- 


am gn of schedules of ~~ and fittings, a nd in _ drawing o of revised en ; 


the of associations connected with water: ‘supply caging 
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THE “ADJUSTMENT OF A LEVE 
By GEorGE H. DELL, Assoc. M. Am. Soc. c. B 
obe vd nao hist adt atdr dont 


5 oe closely related methods of obtaining a “least squares” adjustment of 
the closing errors in a level net are described in this paper. ‘The first method — 
nvolves the writing, by inspection, of the appropriate normal equations and _ - 
a 
vell adapted a ‘die use of the slide- rule and possess 


. ‘the advantages of f simplicity and brevity, as compared with the conventional 


"Teast squares ‘solutions. They are to apply primarily to surveys of 
be ordinary “extent and such | ‘executed. by municipal 


bids Beyond the consideration that, in practice, one method may appeal more 
‘tha n the other to” a | given ‘individual, the reasons for presenting | a dual treat- 


ment of the subject ‘include the following: (a) The -first_m ethod 


immediately from the principal hypothesis of theory of least "squares, 


thus serves to substantiate the correctness of the second method: the 
Process utilized Gin the first method) for solving the 1 normal equations: may 
be successfully applied to various. other types of engineering problems (for 
example, to indeterminate structures) ; and (c) the ‘parallel. solutions show the 
= inter- -relations of the two methods and s suggest a procedure that may be used os 
to advantage in ‘devising extensions of t the distribution method to new t 


__ The precision characterizes ‘the planning and ‘execution of present- 


—Discussion on this paper will be closed in August, 1938 (1935, Proceedings. 

Cross, M. ‘Soc. C. E., Transactions, Am. Soe. C. 96 
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ADJUSTMENT OF A LEVEL : 
and maintained throughout, at least, the of construction. 


_ towns and ‘cities, bench- marks should be created with a a a view to permanence. 
ro The value. of a a bench-mark depends as s much upon the reliability of the 
- elevation assigned to it as upon its ability to maintain itself at a fixed 
height. Much difficulty is is encountered in a attempting to arrive a at the cor-— 


‘rect elevation. of bench-marks by field | work alone, due to unavoidable dis- > 

erepancies which are found when closing in from various lines. It appears, 

3 
J 


methods. ‘that have been used by the United States. Coast and. Geodetic 


Survey i in the ‘execution of many th thousands of miles: of precise levels. Par- 


- standard of precision and ‘the. practice of running all level lines twice jee 
the purpose of putting them to test; in case of satisfactory agreement, the 


“of this observed differences in elevation i is then used. 


i spite of all precautions, however, discrepancies still persist, and som 


of adjustment i is necessary. Generally speaking, there are three 


of adjusting elevations, namely, (1) by ‘guessing” (2) by using a “rule of. 
thumb” (which may be ‘worse guessing) ; and (8) by 
most probable values i in accordance with the laws of probability. Bix 
The latter method, under. the title of “east squares, = has been in use 
more: than a but its has been restricted rather closely 
to problems in astronomy : and geodesy. For such purposes, high degree of 
precision is generally required, and, , consequently, the treatises dealing | with a 
method are likely to appeal to the layman as being too elaborate for 
requirements, and the calculations overly precise and | laborious. iad, 
ee The aim of this paper is to present methods whereby | the closing errors Eom 
4 in n a a level net can | be adjusted with approximately the same time and effort tj ag 
are required to solve the somewhat analogous problem of finding the 
= bending moments in a framed structure. These methods are “proposed for a 
use principally in connection with work done with the ordinary engineer's it 
devel, which instance it is is doubtful whether the precision obtainable in & 
ee. ry field warrants an attempt to deal with elevations | or readings in units of 3 M 
than 0.01 ft, or 0.005 ft. Nevertheless, with a little added effort, 
precision of the calculations is capable of further extension. 
The use of a “polyphase” type of -slide- is of great assistance in 4 
performing the necessary calculations, as in both methods an entire ‘series. 


values can then be read off with a single setting ‘of the slide. 


bed Poi facilitate description, the following terms will be us outta 


Control Bench-Mark: A bench-mark elevation which i is 


remain fi fixed, and to which the. elevations of other bench-r marks are to 


x 


— 
— A 
— 
— 
— 
| 
a 
| 
— 


‘A LEVEL NET 
Sanction Points 
ection: The length of level line connecting consecutive junction Spatia 
ntermediate ‘Bench-M ark: en 


A bench-mark located at some intermediate 
A part of a section terminating at an bench 
4 
Ay polygon or closed figure by ‘sections (but containing» 
fa Exterior Section: A section situated along the | boundary of the n 


. vi Interior Section: : A section situated within the interior or of | the an 


Positive Direction of a Section: direction in which the correction 
is to be computed (regardless of whether the difference in elevation is _ 


Direction Arrows. —Main di direction arrows” are those used to designate 
‘the positive directions of the sections. In general, these direction arrows 


se erve also to indicate the direction in which the closing error of a circuit 


‘is calculated. In certain interior sections, “however, the latter direction 
may be ‘contrary . to th to the former, and is then ‘distinguished by “means of an 
“auxiliary direction arrow, ” which is beside the 


Section and withi n the circuit in question, as shown in 


= 


2S, 


Weights. —The weight, of an observed di 


in elevation in a a given ‘section depends upon the length Es. 
- of the section, the number of set-ups it contains, the number of independent ty 


"measurements entering into th the data, and the quality of instruments ‘and da 


‘survey sy methods used . On ordinary | ‘slopes, the number of set- “ups is approxi- 


“mately proportional to the length c of the line, and, therefore, it is ‘eustomary 


b weight the “observations i in inverse proportion t to the distance (which | may 
be determined by stadia measurements, by pacing, or by scaling from a map) a 


Moreover, the weight is directly proportional to the number of times’ the 


levels were run ; that is, a difference i in elevation which is determined from 
the mean of two separate runnings of a section is given. twice as much Pisin 


difference in elevation obtained from single running 


z ective Lengths.—It is convenient, in the ‘problem of the level net, 


deal with weights in terms of the “effective lengths’ of sections. 
effective Jeng gth of a section is defined as the reciprocal of the welghts 
—; consequently, it is directly, “Proportional: the length of 
“section and inversely ‘proportional to of _Measurements 


Closure ¢ Conditions. —Two types of closure will be ‘considered, 


ure and the ‘route closure. By a “cireuit- closure condition” 


— 

— 
— 
— 
— 
— 

— 

i 
a 

— 
= 
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route closure arise. “route- -closure is the require- 

"ment that the section corrections along an arbitrary route connecting two 

given control bench-marks must have a predetermined sum, equal” (and 


opposite in sign) to the closing error along» that | — ; this situation gives 


are v used to represent ‘the to which a 
Ss ; subject. For example, Closure Conditions Nos. I, I, ete., are represented by 


: condition multipliers, ete., , respectively. means, 
ty correction for any section may be engtintel as a linear function of the 1 closure 


Section Corrections. —The corrections. to be for the observe 

“8 differences in elevation along the various sections are called ‘ ‘section cor 

rections.’ They are denoted by @ ete., the subscripts of which refer to 
_ Sections Nos. 1, 2, ete., , respectively. a By means of the theory of least squares — 


is found (see Appendix I) that section correction for a given 


its condition "multipliers. ‘Expressed algebraically, the ‘section correction, 


Om, of Section No. m My with an effective length of I’m, which : is ‘subject to 


1osul ( | governing a given section is equal to the 2 
number circuits: or or conditioned routes to w which ‘the section belongs. 


ion is equal to the product of the erg length of the section by the sum of : 


— 


as expressed i in Equation are summed up circuit 

along a conditioned route ; and placed equal, and opposite in sign, to the 
closing: error, are ‘known as “normal “equations. The ‘number of ‘normal 


‘equations in any “net is equal to the ‘number. of circuits, plus the number ia 


onditioned 


Desorption or 1; ExaMpe No. 1 
to $y 


2 _ For purposes of description, ‘the solution will be divided into the follow- : 


steps: (a) Preparation of plan for the > adjustment, and _¢aleulation of 
: closing errors (6) formation and solution of normal equations ; (c) + 


of section corrections and verification _cireuit 
(d) caleulation of adjusted elevations of bench- 


To illustrate the detailed procedure, will ‘be given, 


involving only cireuit- conditions, 
“closure condition. 


closures; 


is meant the requirement that the sum of the section Corrections a given 
—— ae circuit must be equal, and opposite in sign, to the closing error of that circuit. Jf ¢ 
— 
— 
— 
— 
= 
— 
— 
— 
‘a 
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ADJUSTMENT LEVEL ‘NET 


The net chosen to exemplify Example No. ‘lis illustrated in Fi ig. 


~ assumed to. be a control ‘bench- mark, with an elevation | of 416.15 ft. — 
approximate distances between bench-marks are shown in Fig. B idan 


points, and the remaining four, intermediate bench-marks. Point A will 


Cre 


2400'_C 4000" 


= 


‘© if ‘field notes covering levels which were Tun over Six routes, as follows: 
Route No. A: to B to 0 return; No. 2: : to to to E 


Plan e Adjustment, and Calculation « of Closing 
preliminary dire to put the in readiness for 


the include the preparation o a the 


a ‘glen: showing the junction points and control bench- h-marks, 


and the connecting routes over which the leveling was is executed; bat 


Assign a system of direction arrows; via! 


(3) Number the sections, determine their and 


“over each in the positive direction (that is, an, shown, by. the 
arrow); also, determine the iy observed differences in, 
over the sub- sections, which will be required in ‘computing the adj usted 
Number the circuits, calculate ‘their total effective lengths and their 


intermediate ‘marks arrows are in 


such a way as to secure continuous routing through all the circuits with a a 


— 

f 

d 
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or 

= 
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te 


be taken in calculating the closing error of each circuit; (2) it deterinines 
the direction in which each section correction is to be calculated ; and (3), 
ee it enables the normal equations to be formed by inspection, ts” 
sce In Fig. 8, the number of the section is is shown by the figure enclosed within 
a circle, and the effective length is written to the right of the diagonal bar. ; 
Fig. 3 also contains, near the center of each circuit, a notation showing the 


‘number of the circuit its total effective length, .and its 


the "possesses the following advantages: é (4) It fixes the route 


ing observed in elevation is contained i 
IL It will be noted that the actual lengths are reduced to terms of pa a 
lengths by y dividing by 800. The use of the smaller units sis a “matter er 


convenience. The effective lengths are taken equal to the e relative. ‘lengths 
the: ‘corresponding sections, except for Section No. Since this section 
was leveled only once (all other sections having twice), its. 


effective length is twice its relative length. 


“consider Section No. a which extends: from Point A to Point B in Fig. 2. 


The field notes, given in Table 1, Appendix I, , show that this section is a " 


part of Route No. 1 and was 3 run both forward and back. In the forward 


running the « observed difference in elevation was 422.59 Far - 416. 15 = + 6.44; 
in the back running result was 416. 422. 65 = 6.48. In, this 


instance t the positive direction o of the section (as ‘shown, by ‘the ‘direction 
arrow. in ‘Fig. 3) coincides ‘with the forward conseq. uently, 
the observed (mean) difference in elevation is ft (Column (8), 
taking the arithmetic mean of an even 
er and an odd number, the even value is chosen for convenience; for 
example, in > Section No. . 1, Table 2(a), the mean of 9.20 and 9.07 "is taken 
as 9.14). Table 2(b) contains the calculation of the observed differences m 


The calculation of the closing errors is. contained in ‘Table 3, Appendix 


ms The ‘closing error of a given circuit is ‘simply | the sum of the ‘observed 
differences in ‘elevation of its: taken in a continuous 


hae In explanation of the calculation of the observed differences in Siemon, 


e conditions| corresponding to the various circuits are 


‘the: same way as the circuits themselves, and, hence, the condition a a 


or ‘Cireuits Nos. I, I, Il, ete. (Fig. 8), are Ory Cin, ete., respectively. 


and ‘opposite to the closing rs 
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Om On =F 
pes ‘Equation (I) the greatest numerical | coefficient is of and is 


tions (III) and av). These 24.5 C; in E 


19. 5 Cn in Equation (II), ete.) will be referred to as the “ major” ” terms =f 
their | respective equations. The remainder of the quantities on the left- hand = £3 


of the > equations will be called “minor” terms. : 
ae 


“Table. (a), Appendix IL. They are written in which 
numbered to correspond to the various closure conditions, the individual 


terms being entered in the lines with numbers that a agree . with the subscripts 


of the the condition 1 multipliers. The major terms (which are underscored) thus, By a 
appear in diagonal formation. As” already Stated, their coefficients: are 


it. 


of 


mm merely the total effective lengths of the respective (or. conditioned 


Minor terms arise from sections which are subject to (or more) 


closure ‘conditions, and their coeflicients are equal to the ‘effective lengths 


of the ‘sections. involved. For example, in writing the minor _terms 
(Dd), it ‘is ‘seen “from Fig. 3 ‘Circuit. No. I is tied to ‘Circuit 
a II by Section No. 7, with effective length, | 8.5; to Circuit: No. . WT by Sec- ae 

tion No. 2, with effective length, 8; and to Circuit No. IV by Section No. 5, a 
with length, 10. Consequently, in Column Table 5, 


IL, 8.5 is entered i in Line I, 3 in Line ITI, and | Zeit". 
In the case of sections m marked with an auxiliary direction arrow the 


minor ‘term is. "prefixed with: the negative sign. The constant, or 
-hand, the equation is entered at the bottom of 


always. appear in two ef te ‘equations, it desirable to 1 this 


aT, 
fact a check. ‘The coefficients ‘should read the | same vertically ‘and 


Solution of Normal Equations.—From the following. typical System of 
equations, in three unknowns, namely, 
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Equations mm), and (IIIb) may be written, thus: 


Oye = O14 1+ Cre + Cia + 
+ Ons and, Om = = Oma 1 Curs s+ etc. od 


these values of Cry and into Equations (1b), 


De 


used i in the ‘succeeding equations to find the next term, in the following £ 


manner: = hh; BCna = — COms = — + 

a+ dns); ACis = + Oma) ; 


to as “principal terms ;” they both ‘ values” 3 


(or terms found in the first set of ‘computations, as, for example, 
and “increments” (or terms similar to BCu-» COm» 
ete, ), which result from succeeding sets of computations, === ee! ae 
‘This ‘method appears to be applicable to the vast majority ‘of normal 
“equations encountered practical | engineering proble e s the 
important advantage that, in dealing with “equations: containing four or 
mo re unknowns, the solution | ‘is usually obtained in a appreciably less 
: than that required by a precise method. — - Although, generally, a small degree me 
of approximation is is involved, the results 1 are practically exact in ‘many y cases. 
‘The number of sets: of computations required to ‘obtain: an accurate solu- 


m is usually £ four tos ‘Six; ; occasional | examples may require 0: one or r two 
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Be 
24, 
a 
— | 
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ae 
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incipal terms in 
— ligible. The principal te 


each equation are then totaled, the value of ‘the unknown is 4, 


tw sets of ‘couputations are 
‘equations begin to converge with ratios hat to be 
“this: stage is reached, the Solution can be expedited greatly, without 


appreciable sacrifice of precision, by summing up the rem remaining ‘increments 
as geometrical ‘Series. This expedient may also be utilized in connection 


with the more rapidly ‘converging ‘equations, provided the ratios of con- 


ergence in the separate equations are approximately equal. 


Before effecting the ‘summation, in any case, it is desirable le that the Tatios 


fairly definite limits, ‘depending upon the degree of precision. 
writer’s experience indicates that if the range of variation in these ratios 


does not materially exceed 0.05 (as will presently be illustrated by aededihedl * 
examp es), the remaining increments can be. summed up as 


series with ufficiently accurate to reduce 


individual circuits to considerably less than 0.01 ft. 
The | process of summing up the remaining terms of, the various: series 


by ‘the summation factor. These summations are then added to the e principal 
terms” previously calculated, and, finally, the unknowns are » found by divid-_ 
ing the resulting by the the major terms of 


respective of a ‘geometrical series is 


present factor will be computed by means 


If the increments in the separate equations attain the degree of 


uniformity of convergence in five or less sets of computations, ‘the average 


ratio of is given, with satisfactory precision, by: 


n wi 
; putations, and Sa-1 is ‘the absolute sum of the increments in the preceding set 

Tf than five’ sets of computations are required before the ratios 
attain _ the desired degree of uniformity, a better approximation of ‘the 
average ratio of convergence is generally obtained by using the last ‘three 
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3 in hich rin as in Easton and : 
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to Table 5(a), Appendix I, the ¢ caléulations incident to the solu- 

term of Equation (namely, 14 00), is taken as the preliminary 
~ value of 94.5 O;. Ita is entered as al “principal term,” is 3 underscored, and is = 


extended horizontally in proportion the coefficients in Line 1, ‘Table 5(a), 


—. 


fiw 


For the valve of 19 Cu in 2 the value 


=, Line 1, Column (II), is subtracted from the constant term of Equation (II), 


giving — 10. 00 — 4. 8 = — 14. 85. This quantity likewise constitutes a 


"principal. term, and is underscored. and extended horizontally. in proportion 


(— 1485) = — 648 (Column (1)) 


The preliminary value of 16 Ci in | Line 3 is determined by subtracting 
- from the constant term of Equation (IIT) the value calculated for Line * 
; ii Column (IIT) of Table B(a), which | gives the following 1 result: — 8.00 - 1.71 


"1. This quantity, in turn, is extended: horizontally in proportion 


Vr 
— 


a similar manner, the ‘preliminary value of' 26 Cry in Line 4, Table 
a 5(a), i is calculated by subtracting the values in Line 1, Column (IV), and § 
Line 3, Column (IV), from the constant term of Equation (IV), giving: 
16. 00 — (6.71 + 3. 04) = ' 7. 25, which is then | extended i in the same Ef 


This completes the first set of computations. 
In ‘succeeding sets (Lines to 16), the principal t terms are by 


q 


term in the > preceding set; for example, in Line principal term, or or 


increment of 24.5 On ia: (— 6.48 — 1.82 + 2.79) = 651, 
At the end of the fourth set of computations, the ratios of convergence & 


in the ‘separate columns of Table B(a) (obtained by dividing 


the fourth set by th those of the third set) are as follows: — 
to be 0. 431 0. 0.404 = 027. Although ratios 
quite uniform, it is obvious that ‘several additional sets of ‘computa-_ 


tions would be ‘required in order to. ‘reduce the increments to negligible 


inerements, therefore, ‘are summed up as geo- 
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average ratio of convergence, as given by Equation 


0.428, and the corresponding summation factor is 0.784. The ‘result-— 


ing summations (obtained by multiplying the fourth set of increments by a 


the summation factor) appear in Line 17, Table 5(a). 18 contains the 
sums” of the principal terms (Cineluding the quantities in Line 17), and 


values of the unknowns (the condition multipliers), are given in Line 19. 
calculations of Table 5(a) were performed with the aid of 


10-in. ‘slide- rule. The results this ‘solution, when compared with values. 
obtained from a precise solution,* are all to be correct to three decimal 


(c) Calculation of Section Corrections an Veriheation of Cirewit 
Closures. —Table 6(a), Appendix II, contains the ‘computation of the section 
corrections, which i is developed in accordance with Equation This step 

a — facilitated by tabulating the condition | multipliers i in groups, according to » the 

sections composing the successive circuits. For example (see Fig. 3), Or is 

& applied to Sections Nos. 1, 2, 5, and 7; Cn, to Sections Nos. 7 and 8; ie to 


Column @) and tenth of a q 


>i ing -to the thousandth of a foot), : are given next. In Column (7) the ad opted a a 
section corrections are recorded to the nearest 0.01 ft. 


‘The verification of the circuit closures is given in Table 7( (a) , Appendix fi, 


indicates that the section corrections as calculated will ‘reduce the 


Calculation of Adjusted Elevations o of Bench-Marks—The 
tion of the adjusted elevations: of the -bench- marks is given in Table 
Appendix II. In dealing with intermediate bench-marks, the adjusted differ- 


ence in elevation over each sub-section is calculated by. prorating the 
gE correction in the ratio of the length of the sub-section to that of the sec- 


: The data contained in Table 1, . 


tion with Example No. 0. 2, with t the added penton that both Points A and C a 
be treated as control bench-marks, with elevations of 416.15 and 424. 


For purposes of adjustment, it is theoretically immaterial which 
path connecting these points is taken as the conditioned route. The selected se ‘ 


Toute is that consisting of Sections Nos. 1 and 2. do pag.” 


. "The closing errors of the four circuits are as given in Table 3, Appendix I; ae 
t 


hat of the conditioned route is found by subtracting the required difference i in ae é 


For a general method of obtaining a precise solution of ‘normal » equations, see m 
of the Theory of Least Squares to the Adjustment of by 
Special ae. 28, U. S. Coast and Geodetic Survey. 
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Equation (Vv) the closure require- 
will be that the inclusion of the added 


ma 


At the end of the fifth set of computations, the increments in each =" 

» 


eolumn have to ‘converge, with the exception of Column By 
fs carrying the calculations, through one additional line, it will be found ‘that 
next increment in that column is —0. 06, it may be. 


concluded that the first five sets of computations are suficient, provided the 


aoe usi ng —— nd - , from which it is seen that 
0.554’ 0.600, 0.10 


0.10)'0.564 0.540 

e mas cimum difference i is approximately 0.06. 


The final results given in Table 5(b), compared with a precise solu- 
: _ tion, are found to be correct to three decimal places, except for Cy, which is in 


d Table 4 TL, ‘the verification of the closures, The ealeula- 


tion of the adjusted elevations ‘of the bench-n marks is. given ‘in Table 8(b), 3 


te The second method of adjusting a level net differs from the first in he 


ont 
following respects: : (1) Instead of the writing and solution of the normal i 
equations, the errors in the various circuits are successively distributed, car 


across, and re: -distributed ; (2) the section corrections are found b 


addition of the distributed quantities ; and all these ‘calculations 
are entered directly, on the plan for the adjustment. inher 

order to {llustrate method, the e closing errors” of the previous 


examples will be adjusted. The explanations will be confined to the determina- 


a tion of the section corrections, as the preliminary and final details are the 


> 


a a ime in both solutions. Moreover, the results are theoretically ide identical in 

Example No. ids —The of ‘the section. corrections is given 
‘4, and errors distribution in the cycles are listed 


of all the in the first two ‘cycles of the 
The closing error of each circuit is” ; distributed (with change in sign) 


among the ‘several sections of the circuit in proportion to thei r effective 
lengths. Corrections thus applied to sections subject to two or more closure 
conititions constitute new errors in the adjoining (or 
are | 


= aa ss ments of the conditioned route. 
8 8 
4 
- 
¢ 
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14. 1.00), i is as No. (4-34) = 1. 7 


Section No. + 14. 1.71; Section No. 5 ‘ 
+ 5.71; and, No. 14, 00) = +4 


this ‘quantity is then distributed as follows: 
— 6.48; and, Section No. 8: (<5 = ‘gk 
Circuit No. III, the correctio on to 


‘tributed in the following proportions: § ction _9, i) = 


‘Section No. 3: = | (—9.71) = —3.04; and, Section No. 4: — 
ae In Circuit No. IV, the corrections | previously assigned | to Sections Nos. 


3 and 5 are carried across, and the error requiring distribution is, therefore, s 
04 +5. —16. 00 = = 25, which, in turn, is distributed (with change 
in sign) in| proportion to the effective lengths of: oe sections which compose 


— 
= first cycle of 
of the adjoining ci ae 
— 
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tribution is continued in cycles, the closing errors being foun 


7 


record is kept of the ‘errors: 


steps (see Table 9(a) These values are numerically identical with the ‘ “prin- 
a cipal terms” found i in the first method, and are used to determine: (1) The 
stage in the” solution at which satisfactory eonvergence is - 


@) the ay average ratio of convergence; and (3), the summation factor, » Previ- 
ously mentioned in connection ma with Equations (2) and (3). 


‘When the "errors rs i in the separate | circuits have attained the desired 


of "convergence ce, the remainder of each series of corrections is q 


by multiplying the cycle of distributed corrections by 
factor. ‘summations constitute the fifth set of values in 
should that in dealing sections marked by the auxiliary 
~ direction arrow (Section No. 3 for example), the sign of the correction is rs 
always changed upon being ‘carried over into the adjoining circuit; further- 

the signs of all on that side of the section which the 
auxiliary direction ‘arrow are ‘reversed the i individual corrections of a 

TTTTT| ot bohba big. 
oooo 
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. 5.—ADJUSTMENT OF LeveL By SuccEssive DISTRIBUTIONS 


CLOSING Errors, EXAMPLE No. 2. 


2— calculation of the section corrections for Example 
e ita! 2 is given in Fig. 5. The errors requiring distribution in the successive — 


steps are shown in Table 9(b), i Appendix II. Table 10(b), Appendix con-— 


explanation of the manner of determining the ¢ errors to be distributed 


case bein the same e for Examples 


— ADJUSTMENT OF A LEVEL NET 
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error of the conditioned route), and i is then distributed, in proportion to the © 

effective lengths of the sections composing the conditioned route. For exterior 


sections (Section No.1 for such corrections a are on the outer 


In turn, these corrections are thken ‘uw into the 


applied to such sections are carried in “two places, Fig. 
sixth set of values are those found by summation of series. 31 


‘requirements of the ‘majority of level nets, ‘except those 
x surveys; and (2), in view of the comparative ease with which a correct adjust- 


- ment can be effected, and of the obvious advantages of thus eliminating the a 
uncertainty and confusion which otherwise yeerail, no no carefully 


ut 


a 


According to the theory of least squares, ‘the sum, 


minimum, subject to the "given closure, conditions. Using ‘the 
‘Bxemple No. 4: (Tables 1 to 3, inclusive, Appendix It), the fu 


is to be made a minimum may be | expressed as follows 


2 Cm te Vs + 8) - -2 (— + + 


partial derivatives of this : funct 


are © equated to zero, the ‘following expressions for the section ‘corrections are 
m= = 3 (Cx + Cm Us =5 (Cm — C 


= 10 (Cr + Ow); ve = = 11 Cw; = 8.5 (0; + Cn); Vs = 

‘The foregoing results may be summarized in the statement that the 
~ correction for a given section is equal to the product of the effective length ¥ 


the section by the sum of its condition multipliers. 


“Some Elementary Examples of | Least Squares,” by Osear § S. Adams, Serial No. 
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Route No. 2 || Rours No. 3 Route No. 5 || Routs No. 


Elevation 
ree 416.15 15 


410.02 
425.34 4 


Elevation || - Elevation || -3 Elevation : Elevation |} - Elevation 


424.06 66 424.06 
421.70 11 425.16 
428. 65 || B 422.59 
05 
| 428.58 || D hace 58 
421.62 ||... 
423.92 |]....| 
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.44| —6.48)+6.46 
.47|—1.41/+1.44 
dD 4 000 . 36) +2.30| —2.33 
| B (via F).. . 93} —1.01/+0.97 
and 4 000 +1.10 
a .55| —3.63) —3. 59 44:88) 
E and A (via H). ‘ . 20} —9.07|—9.34 .-| 45:68] +7.13] —7.03)—7.08 
A and E (via K). .19| —9.30|+9.24||A and K..| 62 :88|—6.13}+6.10|—6.12 


ON OF Cisne q 


Circuit  Gireuit | Circuit 


+3. 3. 


= 
Bee 
— 
— 3 
— | 424.06 the 
a B | 422.65 
. 
¥ 
— Between Points: = 
— 


kd 


> 


e in el 


THE ADJUSTMENT OF A LEVEL NET | 


TABLE -Foraamion oF or Normat Equations 


= 30, = §., 2= 3 Ca + op | = 5 
=3 (Cy + = %3= 5 (Cy = : 10 (Cry 


@ Not Exams No 
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-9.96 
01622 | 0.149 
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STRUCTURAL BEAMS IN TORSION gail, 
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fe Results of a study of the torsi 

heal are offered for discussion in this paper. The purpose of the investi- 
— was to furnish a reliable basis for the design of structural members 
- subjected to torsional loads. ‘The relation | between : torque and stress on the 
ne hand, and between torque and twist on the other, for any piece su bjected ed si 
to. sion “involves: a constant ‘the which i is a function of the 
and the shape of the ceurate is given for 


An 
or stan 


sible by ap lying the “membran 
“varying: flange, web, and fill ag 


‘The investigation ‘include ed a 


_ design, and shows how it may be obtained effectively. The proposed formu las 


are. applied to practical design | problems, and ¢ are checked by torsional tests 

on structural steel sections ranging in size from : a 3-in. I- beam nine: q 5 


Tb per ft, to a 12 by 12-in. beam weighing 190 Ib per ey RE ire 


The problem of pure torsion as applied to non- -circular sections was s firs 


applicable to “any” cross- -section. “Tn 1903, Prandtl (2) showed. that if a thin 
oe were stretched across a hole having the shape of the cross-section Pg 
stion and distorted slightly, the equation of “its surface 1 had the sam 


_as the general differential equation involved in the torsion "problem 


ea Norn.—Discussion on this ‘paper will be closed in August, 1935, Proceedings. HT, 
Research Associate Prof. _ of Eng. Materials, ‘Lehigh Univ., Bethlehem, Pa. 


Instr. in Civ. Eng. Columbia Univ., New York, N. Y. | (Formerly Lawrence 
Calvin Brink Research Fellow in Civil ‘Univ., Bethlehem, 
Charge of Torsion Investigation.) 
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Prandtl showed that by measuring volume and of the displaced 


membrane a direct measurement of the torsional rigidity and stress was 
Ny obtainable. ‘Prandtl’s: analogy with a thin soap film asa membrane, was used q 
several torsion investigations, first in. England by Griffith and Taylor 


studied the torsional strength of aeroplane sections in 1917, and, later, 
- a the United States by Trayer and March (4), who, in 1930 , made similar 


Important. contributions to the torsion problem have made b 
Timoshenko (5). has shortened the pu pure e torsional theory by slight 
modifications of Saint Venant's equations and by mathematical application 


of the > principles of the membrane analogy. He was also among the first to 
the effect ‘produced by preventin ng the warping» of a cross- section. 
This pr problem has had the attention of numerous investigators in connection | 
with | problems of elastic stability and buckling during bending. Sonntag (1) 
i - ppated, the theoretical aspects of this problem i in an article published in 1929. 


The investigation reported herein was undertaken as study of all 
‘information on ‘the subject, theoretical and experimental, 


| supplemented by a considerable number of actual torsion tests. of structural 


‘steel beams: and soap film experiments on various cross- -sectional shapes. 
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The writers first considered testing beam sections 3 ft in len gth, w relded to. 
thick plates at the ends. study of the problem, however, ‘showed that 


beams: would be several times stronger ‘than if they ‘were tested 


ended, and that, unless” the exact “percentage of end | fixi ixity was known, it 


“would not be possible to draw definite conclusions from ‘such tests. 
| order to study the effect of end fixity. directly, tests were first alee 
“eight sections of a 3-in. I- beam (7. 5 Ib per ft), varying from 3 in. to 4 ‘ft 


os in. in length and cut from the : same rolled section. oe ends of each | piece 


on 


se tests milan the way to a revised general program, and 


and of 1 ft 6 in., or 6 Nineteen different tests 


made, twelve beams with ‘the ends. fixed by welding the side and 
rl end plates to form a box section at ‘the ends, and seven with ends free. The 
a, mn beams ranged in sizes from the 3-in. I-beam, weighing 7. 5 Ib per ft, to a 


a 12 by 12-in. beam | weighing 190 lb per ft. : Tensile and shearing Properties 
— of the material i in each type: of beam were ‘obtained by standard tensile tests, 
ae round bar torsion t tests, and slotted plate shear tests. Soap film: experiments 
es, n fifty- -seven differently proportioned sec sections were made for the determina 


‘This paper contains the final summary of all of the investigation. 
: _ Use has been freely made of the findings of previous investigators, for which 
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Notatiton.—The in this paper 
cur, and are summarized for reference in 


General Problem. —The solution of the torsional properties of a section 
any ‘shape consists primarily in determining the distribution of lateral 


shearing stresses over t the cross- -section. ‘The shear components will be 
uneven distribution, except in the case 0 


vin 


“rectangles, in addition to the ‘warping of the section as a whole. » = 


e timg 


Iti is that the lateral are proportional to the angular 


F twist and to the distance from the twisting axis (as is the case in a circular 


_ section). The longitudinal displacements cause the warping, a and the result- — 


ing distribution of shearing stress is taken care of by ‘introducing | a “ “stress- 
function,” F, of x and This function must the 


| 


5 in which, ( Ex = = the. shearing modulus of elasticity, and o= = angle of twist, in 
radians per inch. mo may be shown ‘that ‘the function, F, 
may 
be chosen snbitearily as ‘equal to zero. 


If the ‘boundary conditions are such that Equation (1) may be solved Fi 


and the value of F determined, it is possible 1 to evaluate the torsion -con-— 


stant of the: ‘section and find the stress, at. any point in the ¢ “cross- “section. 


thin for such sections as ‘square, rectangle, 
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— the case of thee the shearing have 
niform distribution along each radius, and since the longitudinal shear is 
likewise evenly distributed there is no longitudinal warping of first- order 
importance. well-known simple theory using the polar moment of 
inertia is. ‘thus applicable: to the case of the circular section, 
pe in some way, warping which takes” place in non- -circular sections is 4 
restrained o or prevented, longitudinal fiber stresses will be introduced and the 
(1) may be solved mechanically for 


cross- as-section by x means Prandtl’s membrane analogy, thereby over- 


the mathematical limitations of the theoretical derivation. 
the application of this analogy, a film is stretched across 
ee  detien: having the same e shape as the structural section under consideration. 7 
The bubble is distended slightly by a variation in pressure. Prandtl showed - 


that the following relations obtain for this bubble: (1) The Acesion bin constant, _ 
is proportional to the total volume of the displaced bubble; (2) 1 the shear- 


stress” at any point proportional to the maximum slope of the 
at that ; and (3) the contour lines on the bubble the the direction 


f maximum shearing stress. 


‘is also useful ¢ as an aid in visualizing the rigidity and stress" 


distribution in various sections, and makes evident why the four sections 
shown in Fig. have approximately equal “rigidities in: pure torsion, since 


giaity and twisting Iti is a part of any 
shearing stresses, and may be determined from test results by observing the 


ratio | of torsional ‘moment. to ‘unit twist, radians” per inch, at any place 
ity ‘the yield point: of the beam, and dividing this ratio by the cheering 


ages The Relation Between K and J—When a “torsional 1, is applied 


to a circular shaft of radius, ‘maximum shearing s stress, at ‘the sur- 


= 


n terms of T Equation (2) = 


The torque, T, “may also be expressed in terms of @ and G, th thus: fey oF 


"ye _. *A detailed description of the soap film studies is given in a thesis by Bruce G. - 
_ Johnston, Jun. Am. Soc. C. E., presented to Lehigh University in partial fulfillment of 
the requirements for the degree of Master of Science. TE 
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STRUCTURAL 1 ‘BEAMS 
For non- n-circular sections 
_ expressed in terms of 6 and G, with the “sian of ‘K, the torsion 
in place of J, thus: ti tad: emollot 
The to torsion constant, K, is equal to ‘the ante moment of for circular” 
a sections. Although for non-circular sections it is always less than the polar 
_— of inertia, there is no direct ‘relation: between t the two factors. ce 
Rectangle.—In dealing with structural shapes, two principal 
of section ‘require consideration, the rectangle, and the ‘rectangle modified 
by sloping sides, as in the flange of a standard I- beam. In the case of the 


rectangle an accurate formula was derived originally by. Saint Venant (1): 


= ‘the breadth 0 of a rectangular section; the length a 
rectangular section ; and V : = = a factor depending upon the ratio, . but 


tant —> 3. 3 shows the values o of for — 


For — -ratios greater than 8, Vv = 0.105, and for — greater than 4, 
= 0.10504. Equation (6) finds a direct, qualitative: interpretation in the 


L 
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(SEE E ATION (6)). 


It is evident that for long 
be constant cross~ -section along the central part, but at the two 
it will contracted down meet the small > The 
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—2 then “end loss,” which for long 


2 itt also follows that if the ends were made discontinuous, as 3 inary —_ 
Bho 


and f for any differential length, de, along he section: 


ides—Equation (8) provides: basis 


ction . Considering the section shown > 


a, in Fig. 4(a), let the thickness 7 at any point be taken as r. Then, if the _ 


Evaluating r in ‘terms of m and n, anal integrating: 0. 
in which m = ‘major flange thickness and n minor 


as deduction we " made for end effects, as. in the case of the simple " 


wre 
Vs are the e nd constants, V, for or the large end ‘and the 
Saas of the flange (see Fig. 5). The evaluation of these ; 
two constants was the work of Professor J. ‘through an analysis 
of a section having the shape shown in Fig. 4(b) 


= 0.10504 — 0.10000 + 0.0848 08480 5" — 0.0 06746 + 0.08188 . (12) 


0.10504 + 0.10000 + 0. 08480 S* + 0.06746 + 0. 05153 st. (a3) 


Vs 


foregoing supplies : 
for. evaluating the K-values of Taking the 


shown in ‘Fig. asa basis for the sloping flange the sum of 


trapezoids: and a small rectangular: part is expressed by: 


ae (m+n) (m? + n*) + — wm* — 2 Vz n'... 
of Elasticity,” by A. BE. H. Love, Fourth Bdition, 
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in K f = the K-value ‘for the flange. The web as 


in which = total depth of beam; end, 
w = thickness of web (see Fig. 6). There still remains the evaluation ee 
‘Ses added rigidity due to the connection of the | flange and web and also due 
to the a at this point. It is evident that these will cause a considerable — 


and Vp 
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on two ratios, and — —. 


slopes of 1 on 6, are. given in Fig. These curves 
experimentally as as the result of soap film tests which will be described sub- 
qt will be Fig. 7 (@). that for parts” of curves ad 
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and March (4) in an i — 

> this" addition to the torsio it sections 
fourth power of the ¢ nal 

the diameter of the largest circle that can be i nal. to: 

4 juncture of the web and on can be inscribed a imi. 

| flange (see Fig. 6), giving, as 

_giving, as an additional 
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rolled bea beams are in this area, in which: case, for parallel 


right of a a-a, the lines are parallel 
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__* Right of a-a %=0,094+0.070% bai 


Values of 


rrr, 


For. flange sections with side s slopes of 1 on 20 and on ‘50 the follow- z 


formulas an between the curves in Fig. 7: 


ere 


~ 


for a slope of 1 on 50: 
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= 0.084 + 0.007 2 + 


ie 2 various elements: entering into the total K-values, can now be sum- 
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8.—ToRSIONAL RIGIDITY AND goog For Stress CoNncENTRA- 

STRENGTH OF DIFFERENT IN FILLETS TO TORSION. 

TIONS OF EquaL Cross- SECTION terse ce 
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for sloping-sided flange sections, 
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the maximum depth Fig. 6, and, 


Comparative Efficiencies ‘of Different Sections. —Fig. 8 shows the « com- 


parative. torsional ‘efficiencies | of certain . different. shapes, illustrating the 
_ ‘striking advantages 0 of the hollow box, or tubular, construction. These ad- 


vantages would not obtain entirely if the section were built up by “ of 


nt Exampes or Design ac 
Structural are often r required to © carry torsional loads, generally 
as a secondary factor combined with bending or direct ‘stress. Problems 
ing of unsymmetrical "sections, and problems of elastic 
‘stability, such as the buckling during bending, also require a knowl- #8 


. 


the design of short beams to carry ‘torsional loads considerable  advan- 
‘tage may be obtained by fixing the ends, resulting in increased strength and s 
rigidity, with corresponding decrease of angular deflection. External fixity 


is not needed—it i is 8 only necessary to box i in the two mpeet each end | and § 


thereby ‘prevent, nearly as possible, their relative warping. The two 
‘flanges ‘then act as two rectangular fixed- ended beams a lateral dis- 


mutually opposed direction. — 


“ris 


and the formulas for pure free- -ended will be adequate and 
in their application. om It would still be of practical advantage and a means Ne 
addi ional nal safety, however, to “box” the ends of the ame ca 1 


If a a beam i is to be designed 


as free- ended, only shearing stresses need be 
considered. Regardless ss of the par restraint ‘that does exist s an in inci- 


the material ; is thickest, generally along’: the center. line of 


flange and along the inside re- entry fillets. 


The shearing stress is a function of the thickness of the material and the 
following formula i is proposed for the maximum shearing stress in the flange _ 


f an H-beam or Robie 
‘For parallel- sided flange sections, 
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and for shear stress in the we 


in which T= torsional moment. Although Equation (26) is in accord with 
torsional theory it ¢ gave results which proved low by comparison with actual ad 
tests. The following tentative formula nt found to give better agreement: — faced 
_ Equation (27) was adopted for use in the reported jemmasloition. _ More ‘ 
“accurate stress formulas might be dey eloped by further use of soap film tests, 
_ taking at critical 1 points, seating. 


torsion constant. An equation. to (1), will give practically 
= same values for flange stress as Equation (25), , thus: gee 


Equation (25). was used i in investigation. 


Concentration of Shearing Stress at F 


the re- entry fillet of an I- beam torsional: shearing’ stress 
: oceur due to the sharp curvature of the fillet. These stresses are re mostly of a 


local nature and do not greatly influence the yielding of the beam as a whole, 
Although they ‘not necessarily govern the design of the beam they are 


- important i in the. study of adequate fillet sizes ai and in the determination of 
Toads producing strain lines in the aks a beam — to flexural 


sum of the stresses due to these two ‘causes. 


The concentration of torsional stress at the fillet between ‘flan; 


is illustrated in Fig. 9 for the: formulas developed by Féppl(9), 
-Timoshenko(5), and Westergaard and Mindlin, and for soap film experiments 
onducted by Griffith and -Taylor(3), and by Cushman(13). ‘The analysis 


in the ‘Westergaard- Mindlin curve was communicated to’ the writers 


is that all curves indicate a rapid increase in 


the Gillet and. the thickness of ‘the section next to. it, of ines for 
ratios of less than 1.0. Strain. lines, therefore, will appear at ‘relatively 
te orsional moment for sections having small fillets. ‘bote 

As the fillets become large another factor i is introduced since 
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480 STRUCTURAL BEAMS IN’ TORSIO 


jmportance. rigidity the beam i is increased i in prop portion to the third 
at the thickness, whereas the stress varies directly with the thickness. 


Hence, for any ‘given 1 moment the stress would actually decrease. e. The ct curve 
soap film tests by y Griffith and ‘Taylor indicate this reverse effect, but 
further experiments this line should be conducted to establish these 


sumptions. the ends of non- -circular | section | are fixed in some 
ner to prevent free warping of. the. end "section, , pure torsion 


m 
Various investigators have studied ‘this problem—Féppl(9), Timo- 

Sonntag(7), and others. In 1930 an investigation on channel 

sections: ‘was reported by Seely, Putnam, and Schwalbe (10) . These investi- 

gators have generally been concerned with the problem of elastic 
involved in the side buckling and twisting of a beam in bending without — 


r lateral support. Hence the torsion problem has been a secondary issue. yee 
a fer: the present tests both e ends of structural beams have been fixed ly 
welding on heavy end plates and | additional ‘side stiffening plates between 
= fen ‘at each end of the beam. T The major stiffening effect produced is 


of fixing the flanges each other. (Refer to ‘Fig. 10. ™ 


prevention o: of the individual w arping of the component, rectangular parts 


would taper out so “rapidly that it be of negligible importance; but, 
; by fixing the flanges with respect to each other, the effect. of two opposed 2 
‘fixed-ended beams is produced, as illustrated in Fig. 10. ale 
The following assumptions have been made: The flanges remain at 
Tight angles to the web; (2) the angular deflection is small compared with 
the | length of the beam; (3) the bending of each flange ‘about its weaker axis 

is a negligible factor; Aa point on the neutral axis of one flange can be 

? located with sufficient accuracy by co- ordinates (x, y) measured along the per 

be _ pendicular to the original position of the axes; (5) the two ends’ of the beam — 


held between mutually parallel planes ; (6) ‘the 
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displacement of the flanges due to. beam action 


is, lateral shearing deflection i is ‘neglected ; a correction is made afterward ~. 


g in very short and oment of inert 
of one flange about the web | axis. 


distance between flange centroide; * approxima 


yay 


ee-ended condition; 


larger moment of inertia of one flange is ‘ 
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e wing symbols i hich a 
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At the end. of the 


a of this differential 


Restrained — By proper -evalution 
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C+ Dr 
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, the shear in each. flange | equals, 


—, , and, 
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in 
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_ The moment in each flange equals, 
— which « = — =; and, furthermo | 
(ah 
— 1 stresses al 
or the sum of the lateral and torsional a 
— sses at the center of the 4, 


ves: 


the center’ of the both aud torsional shearing stresses 
be maximum in the middle of the flange tired a 


By the simple beam the lateral shearing stress will be: For. parallel 


| 


shearing stress at die: of. the beam, the approximate 


P - 
formulas proposed 1 in ‘Equations | (25) and (27) are applied. _ Instead of K, 


measured by the rate of angular twist at the center of the beam es ae 


the torsion constant, an equivalent constant must be introduced, which 


“slope of the dy any point. 7 


ih 


and from this relation and the of —, an is 


Zi 1 ieohivy pe 35 


cosh 
This (Equation (44)) has been based « on the assumption 6) that 
deflection is due to bending only. As the beam is shortened, however, shea { 
deflection becomes of increasing importance and should be considered. 
Si Timoshenko(6) has indicated a a strain energy method for calculating the 
Je. deflection due to shear when cross- -sections are constrained from warping. | nd % 
combining his result for the beam correction, 


that is 


Rs 


sta, 


and, donating the “ n con at ‘center by Oc: 
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— 

— 
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‘Total Maximum Shearing Stress at ‘Santer of Beam (Along Sealer ‘Line 


“Ke. 


Ratio — Bending Only >~ 


C4 


PS 
Beam (46) pro- 
Ree vides an equivalent torsion constant based on the unit angular twist at the — 
center of the beam. 4 A measure of the total twisting deflection of the beam 


ae over the entire length i is desired and can be obtained effectively by ie 


an average equivalent torsion constant, which will be denoted as C,. 


(et) The expression f for total angular twist is, then: = 


= Ay 


deflection of the flanges due to o bending only. Constant Can may | be evaluated 

from: Equation (36) in so far as bending deflections are concerned. 


cosh — — 1 bes. 


Lor 


in value and the curve on Fig. 13 gives the reduction to be in 


= 
As an example, C 
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For very short beams most of the deflection is that producing shear and 
— 
— | 
Bz. 
—— 
— 
— 
= 6.00 by Equation 2.00; and, —= 5.00. 


’ From Fi . 12, = 1.42; and, from Fig. cosa the reduction = = ©. 42) | 


— 6.00 (1.42 — 0.044) = 8.28. 
Torsion with One End Fixed and One End Free.—Often, in cases es of com 
1 bending and torsion, one end of the beam will 
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hy 


strained while » the other end is fixed. At ‘the ‘free « vend | there will be no | 


_ these end conditions gives the following: : For maximum bending moment in 


the flange at the unrestrained end: $25. ana 


2. 


(25)) for free end torsion will apply. . The evaluation of Equation (34) for 


— 


| 
of Beam 


1 


— 
— 
— 
— 
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- 
— 
‘tions (atti 
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— 
G STRENGTH oF AN 8 By 8-INCH BEAM WITH etn a = 
(SHOWING LIMITING STRESSES FOR DIFFERENT LENGTHS). 


total angle of twist is given by: } “Bats bae 


a tan h — — |... 
“Bguation (58) w ill be e for all pines very beam 


Fig. 14 shows application the proposed formulas for maximum 


longitudinal and shearing stresses to varying lengths of an 8 by 8-in. H- beam 


fixed at both ends. It is noted that for lengths ranging b between about 1 ft 


and 9 ft ‘the longitudinal stresses based on an allowable stress of 22 000 lb 


sq in, determine the design. For very short lengths: and for long lengths 

‘ 
Design of End Connection. —It i is ‘iiidiachian that the end connections be 


as ‘illustrated in Fig. Connections: of ‘this proved very satis- 


er 


ad 


Numbers Indicate 
Sequence of Tests 


(b) > 
oF ‘Sections S1 


‘The ‘value of should as the over-all length. total 
shear of the beam in the stiffening plate; and s = the ‘distance between the | 


stiffening plates. a, if the stiffening plates alone are assumed to fix the 


fy 
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The stiffener ‘plate is to both “flanges to end plate as well. 


_ The stiffener and the adjoining part of. the end plate act as a short fixed- 


ended beam holding the flanges, in place. No attempt was made to analyze — 


a load distribution, and. the design of the test beams: was largely a matter 
ive are made as the ‘result of the 


‘de fourths the width of the flange for H- “sections s and to ‘the full flange width 


te I-beams ; “to ¢ Sits 3 oni och 09) 


that ‘of the iweb or greater than one-tenth the length of the stif- 
ang (8) ‘The stiffeners ‘should be tight fit between the 
aol should be welded to flange and end plate continuously on the outer part; 
(4) The end plates should have a thickness equal to twice the maximum 
ay ‘thickness of the beam material; a and , 


2. ae The beam should be cut square and welded t to “the end plate y ith a 


continuous fillet weld about the beam end. t lac ba ably, a 


the between it and the should be 


e stiffener plate and 


§: designed to resist the shear as computed by Equation (52). 


pas General Remarks. ‘he most e economic structural beam or I-beam for 

Seoromay strength is one in 1 which the material is most nearly of constant ome: 


thickness throughout and is as thick and compact as obtainable. Column sec- et 


tions with parallel sided flanges and of the heaviest rolling in each series. 


The torsional design should be made with ‘ends assumed ‘tol be free in the 


vino’: ‘Examples 


‘ease of riveted or bolted end connections; any “percentage of end fixity inci- 


dentally present will simply provide an ‘additional factor of safety. Only 
shearing stresses as computed by Equations (25) and (27) need be considered * 
Beams with | boxed in and continuously welded end connections will be 
somewhat stiffer and stronger depending « on the length. Both longitudinal 
_ stresses at and ‘shearing | stresses must be considered (see Fig. 14). T ests indi- 
that the shearing stresses generally determine the yield point of th i 
ani as a whole. The local direct stresses at the ends affect initially only a 
part of the beam and are in the nature of secondary stresses. 


on th he other hand oc occurs along the entire beam length. Ramet 


< 


j It is is suggested that allowable fiber’ stresses ‘usual im secondary y 
> applied in general t to these stregses. 
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wel 
General Data—The following data apply to oui: ‘examples: “Allowable 
working normal stress, ao = 22 000 lb) per sq in., for secondary stresses due to 


fixed-end torsion ; allowable shear stress, a= 12 000 lb per sq in.; 


= 29 000 Ib | per sq in. ;G= 150 000 Ib per sq in.; ; Poisson’s. ratio, 
i = 0.30 = over- -all length a benim, including stiffeners, along which 
uniform torsional ‘moment is ‘assumed to act; 1° = = 0.01745 radian; and 1 


radian = = 57.30 degrees. Computations in. these problems a 


Design Example A —A long beam with torsional deflection limited: 


‘e Assume a beam 20, ‘ft long designed to ‘resist a total torsional moment of 


: - 20 000 in-lb with maximum total twist ‘under: the load limited to 1.2 degrees, 


‘The ‘procedure for designing the beam as free ended involves three steps: 
Determine the unit angle of twist, in radians. per inch, thus, 6 


——__———— = 0.0000872 radian per inch; (2) calculate the required K- 
we 20 000 rote ‘a 
in’; ; and (8) refer to standard tables of K- -values* and pick out the most econo- 
mica section. In this manner, a Bethlehem section, 10 by 10 in., at 124 lb 


‘per ft (with K = 20. 37) will be ‘The end connection | will 


8 | at 67 per different end connections: The 


eo ee data applying to this case are: 1 = = 66 i in., over- -all; K = 6. 145 in.‘ ;ly= = 88.6 


in‘; n = 0.933 in.; b = 8.287 in.; D = 1,206 i in. ; Rin = - 9.000 -- 0.933 = 8.067 


= 0.806h 4/42 = 27.0 i 1.907 and 


f The free-ended working strength is s computed by Equations (8), thus: 


bon 2 2Kr r Q) (5.145) (12 000) _ = 57700 i 
“1.206 + 0.938 te 

e fixed-ended working strength, based on shear, compute 


equivalent constant, for the center of. the beam by ‘Equation 


= 108 000 intb- iy : 


x 8. 067 88. 6 1, 841 10. 86 batesa 
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Tes 


_ To determine ‘the _fixed- ended ed working ‘strength, 


fiber stresses at ends (tension or compression), apply Equation 


The stresses, therefore, determine the he design | of the 


the allowable torsional moment i is 84.000 in-lb. whey 


shear to be resisted the is by Equ 
I 


9307 = = 36 300 lb. 


$-in. plate fitted into the 7. 13-in. space between the flanges and 6 in. 
length along the beam, will satisfy the requirements suggested. Assume m1 


-in. fillet between ‘the. stiffener and the flange. Ifs = 8. 827 — -3 


which is too 0 high. Make the plate a in, long rather than 6 in. 


x 139) 000 ‘= 11100 Ib per sq in, just 
hich is less than the limit of 11 300 spite in. by the Ameri- 
can Bureau of Welding. ‘out gosdo of 


Soap Bubble, Tests ‘Purpose an and Program am 


= The purpose of the series | of tests. "reported herein: w was to evaluate, accu 
rately, the torsion constant of structural H-beam and I-beam sections. Specifi 
eally, this problem narrowed down to determining the added torsional rigidity — 


bore 


introduced by the juncture of two rectangles, with fillets at the re-entry a. 


separate members. ‘The therefore, 


= 
| 
| 
Then 
— 
* 
ia — 
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to establish the value | of « for any shape of section it was 


ratio of eb to flange thi thickness, 


and — the ratio of fillet” radius” to flange Furthermore, it was 


if” 


essential to study sections with sloping flanges: as well as those with parallel 3 
of tests outlined to cover a ‘wide of variables, 
w r 
an nd —. 


any the shteledd, particularly in the fillets, such a 


a would have Pe reduced the > total nu number of tests possible. Tt was 
thought better to establish the torsion constant: definitely, in which case it 
_ Was only necessary to measure the volume 0: of the displaced bubble. In each — 


O18 


geries a basic web and flange thickness was adopted and after testing ‘the 


~ section with zero fillet radius, the various 3 fillets ° ‘were cut away in sequence as. 

ad curves: obtained from the test results are shown in in Fig. 7. It was 

found that “scattered points occurred along the lines of and 0.2 fillet 

radius. These variations may be due to the difficulty i in machining the plates 


the small fillets, a slight inaccuracy causing considerable variation in 


the diameter, D, of the inscribed circle A further difficulty is encountered 
A fu er 

in the plates of fillet” radius due to the tendency of the soap film to 

Jump across these sharp corners. Most of the beams actually rolled 
“have ratios of ” and both greater than 0.5 and in this area the data were 


nsistent. 
Tests of ‘Steel Beams: ‘Purpose 
Torsion. tests were made on steel beams, with several objects in» view. The ~ 


"sections themselves were chosen 80 as to give a Tange of shapes and ‘sizes as - 


ia - great as possible, and tests of certain unusual shapes, » which | are not at present 


Tests o of free- ended conditions were made. on a number of beams in order 


to check the “results: of the ‘soap film experiments and the 
f cal ulating the torsion constant. In these tests the distribution 


Soak shearing stress was studied, and a check was obtained on the ‘proposed — 
approximate formulas for stress. Tests of fixed- end conditions were eet 


dit different shaped beams and the effect of variations length was studied. 
A type of end-connection design was | developed to g give a considerable degree 


standard torsion machine of 26 in-lb capacity was used to test 
in., , fixed- -end beams, of various lengths. It was also for torsion te tests x 


—— 
40 
— 
‘i 
— 
i 
— 
— 
— i 
— 
—— 
— 
Maite 
— 
— 
— 
sho 
— 
— the 
— 
— 
alle 
x 
Wal 
material to determine the shearing moaulu Jur 


April 1985 


08 in Fig. 17, with an ultimate capacity of 


18 0.000 in-lb was used in the tests." Most of the large beams 1 
tested i in lengths of 6 ft, but two tests each were made on beams 1 ft 3 in 


and 8 ft long by means of the same sheaves and cables adapted for use with 


= 


1 


Fic. 18. Bar. 


shorter top and bottom beams. During the tests of light beams, cables 


in diameter were used because of their flexibility and ease of handling, but in 


the tests of the heavier and shorter sections the cable was changed to 1 in. 
in diameter in order to develop the full capacity | of the machine, = hel aad 
The: sheaves were made of material 2 in. thick and were machined to ie 4 
minimum diameter of MW i in. _ A hole bored through one of the diameters 


allowed continuous action and reversing of the cable without fouling or intr 


ducing bending ‘moment. This machine gave perfect ‘satisfaction in every 


espect and easily up and dismantled. During» ‘tests the apparatus 


ilted either way by hand while maintaining a heavy torsional load of the 
4 est ‘specimen. 


“Torsion Testing of 750 000-Inch- Pounds Capacity? G. Johnston, 
Jun, Am. Soc. E., Engineering Record, ebruary 28, 1935, p. 10. ¢ 


was in such a state of balance that tl 
t the heavy pulling beams could b 
eeasily 
— 
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easuring Der 


permitted readings" to 0.0001 in. and the level bubble was sensitive 4 
micrometer changes of about 0.0003 The total al range of of the instrument 
about 9° 30 + from the orginal level ‘position. 


‘This device consisted of steel ‘collars attached by. 


thumb screws to the bar and provided: with two 1: 1 000 Ames dials for 
measuring the tangential displacements. ‘The instrument was the 
used and described ir in a ako investigation at Fritz Laboratory.’ 


Twenty tensometers wer re 


Test ‘Procedure and ethod. —In each torsion test, whether fixed or free- 


there three principal objectives: : First, ‘to learn as ‘much 


possible about th "strain and stress: distribution; second, to to "Measure the 


or ratio of ‘torsional load to angular 
2 


torsional stiffness, 
learn the useful torsional load- -carrying limit of the beam as a ‘alk ak 
fe The / Strain and stress distribution was studied in two ways: ‘First, by 


tensometers which were sensitive ‘to changes in 1 strain corresponding to from 
150 to 300 Ib per r sq i in. in stress, depending on the model type; and second, 


beams _were whitewashed with a mixture of water an and hydrated lime 


= which ‘showed the distribution and location of the first» surface ‘strain- -slip 


In computing the stresses from the iiiiaroal strains the same values of 
G, those used Design| Example A, w were adopted. The 


torsional stiffness was gauged by measuring the relative angle changes be- 
tween tw ‘two points a along the beam by use of the level bar. In the ‘free-ended 
a, 


tests the angle changes were measured over a 36-in. length along the cent ter 
part the beam. In the fixed- ended beam the ‘unit angle ‘change varie 


ohens the length and a measure of ‘the average stiffness v was obtained by 


measuring the relative rotation of the end plates and of points a short dis- 
“tance from each end _where reinforcement ended. 
"The yield point of the beam as a whole was obtained by a study of the # 
torque- ‘twist diagrams and a knowledge of the load when the first strain- 


slip lines appeared. In. a ew cases a definite drop of the | beam was noted 
and, in such ¢ cases, this was taken as the yield point. In most of the tests 


the yield point was taken | as the torsional moment corresponding to the point 
- on the torque- -twist diagram where the co- tangent of the slope was $1.5 times: a 
the value the | tangent of the slope. of the straight part. 
Test -Results—Table 1, Appendix III, gives a general Summary all 


the tests made, including dimensions of beams ; and computed K- -values based - 
on actual dimensions. . The dimensions » were obtained by: means of mi micrometers es 
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perties cand Poisson’s Ratio of Alloy 
E., and H. J. Godfrey, Proceedings; A.8.T.M 1933, Vol. 33, 


The torsion ‘meter was used in the torsion tests of bars” in the 
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and calipers. Readings we: were taken at a places on the 
beam, and averages from them were used to calculate the weight of the beam i 

per foot of length. _ Furthermore, the beams were actually weighed and any 
discrepancy between computed a actual Weight taken care of 


Table 2, Appendix III, presents the physical properties based 
of samples taken from the test beams. The tensile values are based on the 


re 
average of two tests of American Society of Testing Materials s standard tension Bis mh 


test Specimens (2-i in. , gauge length). . The torsion tests and slotted- -plate shear 
tests were made in the same manner as described in a previous investigation 4 aps 
at the Fritz Engineering Laboratory.” In most cases, tensile specimens - 
and round- bar torsion specimens were e cut from the material where > the 
flange and the web join, as it is at this point that critical torsional stresses” 
develop. The for the slotted- -plate test ‘specimens w was from the 

Ended Tests. _—Free- ended tests made on seven ‘beams. ‘Each 
‘specimen was held in ‘the torsion | rig | by two bolts at each e end which passed — 
with « a loose fit through the web and through the two angles, the . angles beng q 
welded to. end plates which, in turn, were bolted to the sheave plates” of the 4 
testing rig. Torsional moment was applied by means of lugs welded to 
the end plates which the flanges of the flanges: 


“Material 
Yield Point 


Stress Distribution | a 


‘Torsional Moment in Thousands of Inch-Pounds 
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Fie. 2 -—FREE-ENDED TORSION TEST T-26, A 12-INcH I-Bram. 


Gus to the beams were entirely unrestrained 
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and is typical of all the free-end tests which were made. Figs. ZU(a) and 
21(a) show typical torque-twist diagrams of two. of tests. Figs. 20(6) 


stress distribution based on tensometer “reac ‘taken 
game tests. The tensometers were placed o on the flange and 


D> 
about the center cross-section of the beams and: were set at 


angle of with the longitudinal axis of the beam, i in order to measure 


‘Stress Distribution at 
Beam Yield Point 


111998 


~ Shearing Stress in Thousands 
Of Ib per sq in. 


SHEARING 
STRESS 
ON SURFACE 
FLANGE 
AND WEB” 


0.0012 


= 


one of the | principal strains which, in the case of pure shear, will be eubal 


both _ directions. Figs. 20(b) « and 1 ‘the: shaded show the 


stress distribution for tm = 12000 lb per sa. in, 


data of actual stresses from tensometer readings ‘were available at 
only a limited number of points. In drawing the curves of stress distribu- } 


tion these data have been supplemented by known facts, deducible from the . 


general torsional theory, soap bubble tests, , and from the actual | beam tests; 
that is: (1) ~The ‘shearing stress. equals zero at outside corners ; (2) there 


a is a “hump” in the stress curve at the outside center of the flange, particularly 
if t the fillets web are as .gompared with the 


AT 


and web to the thickness of the ‘material. 


e 3, Appendix III, is a summary of the results obtained in the a 
tests. Good agreement is shown between the torsion constant ‘computed 
2 from the measured dimensions and that obtained from the’ test results. ‘The 


test value for K was obtained from the slope of the torque-twist diagram 

from Equation (5); thus, T = K Go; WE 


test recta was 6. 
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“for the lightest beam and that the corresponding a agreement “a ‘these a: 
expressed by variation of 0.9 and 0.0 p per “cent. hy] 


Se shearing stress computed | by Equation (25) gave “average stresses me 
eee those based on tensometer readings. _ The stresses in the web ar 


th as s computed from tensometer readings. Equation (21) was suggested 
‘j on the basis of these tests which, of course, are not ‘complete enough to sub- 7 
stantiate its adoption definitely. However, both Equations (25) and (27) 

are believed to be usable for practical design purposes with ordinary an? 
allowable shearing unit The Special apply to to the 
Test. T- 12° strain lines “appeared along the fillets at 13 500 in-lb; and 
rain 
along the outside center line of the flange at oo 200 in- “Ib. The yield | point ia 


of the beam as determined by the slope of the torque- twist diagram w was 


Test T- 22 the freedom of the ends ds from restraint was checked by tenso- 


pare shear strain line along ‘the ‘center line of ‘the flange appeared ag. 
Pia 210 in- lb. . At 25 610 in-lb, strain lines progressed rapidly along the ‘flang 
and in the fillets, and a definite drop of the beam was noted. 
Mi In Test 7-25 strain lines appeared along the fillets at 50900 in- Ib. There- 
after, the slope of the torque-twist diagram became nearly 50% greater 
than for lower loads, maintaining nearly the same slope up to 100 000 in-Ib. 
be The yield point was taken as 50 900 in- -lb. , Strain lines appeared along the 
| a In Test T-26 (see Fig. 20) a a slight ‘ehecking in the fillets was noted a 
23 ( 000 in-lb, with a -drop-of- -beam yield point at 25 000 in-Ib; li 
progressed along the outside of the flange at 26500 in- 
ae. In ‘Test T- 30 the yield of the beam was noted by the 1. 5 on 1.0 ) slope | of 


the _torque- twist ‘diagram at 64 000 in- Ib. ‘The first strain lines appeared — 


over the web at an indeterminate load due to the presence of heavy scale on 


Test T- 31 (see Fig. 31) the beam and dropped strain lines oceurred 

iene the fillets at 48 800 i in-lb. The yield point was 0 noted 7” the 1. 5 on 1. 0 eee 


ii a In Test 7-33 strain lines occurred along the fillets at 65 600 in-lb. ‘Yield 


point and strain lines appeared along the outside of the flange at 76 400 in-lb. 
of 


Fized- Tests. two fixed- end tests were made on bear 


of a 3-in., tb I-beam m. These specimens were welded ‘to end plates, 1 in. 
thick, with a: continuous fin. fillet’ weld. ‘The end plates were bolted to 
di -in. _ plates which y were attached to. the jaws of the standard 26 000 inlb 
machine. The relative rotation of the end the bean measured 
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were to 11-in. end plates with additional end stiffeners, fitted and 


Relative rotation of ‘the end plates was observed beams by means 


ree bean 


of level-bar observations, and the twist of the large beams having stiffener 
plates was also measured at points just inside those plates. _ Strain in readings — 
for Tongitudinal and shearing strains” _ were observed wherever feasible. 
Fig. 22(a) shows a_ typical ead” torque- twist diagram, and I Fig. 
22(b) , 22(c), and 22(d) show the computed stresses from strain readings at s 
the yield point of the beam. These observations are. typical of all the . fixed-. a 
Table 4 gives the summary of the test results for 

end beams. In computing the values of C, and C, the question arose as to 

the correct length to be used. If 100% end fixity were possible ‘the correct 

length would be slightly less than the over-all length and somewhat greater 
than the length "between end stiffener plates. However, the over- 


length is the simplest approximation, and it gives the best results by com-— 


‘parison with the tests, except the case of very short beams with: end 
stiffeners. ie In these two tests (T- 19 and T-27, Table 4) the apparent per- = a 


centage ‘of end- fixity seems inconsistently high. Two tests have unusually 
low percentages of end fixity (see Tests and T- ~The explanation 

for this is given under the special remarks. The average percentage of end — rs 
fixity with Tests “T- 16 and T-24 omitted is 88.3 and all the 6-ft beams, ae ; 
except T-24, have an end efficiency greater than 85 per cent pats 
In most cases the yield points of the beams were the 


of ‘the twist and ‘the theoretical Stresses” com- 


these stresses, in every case, are above 


the material as given Table 2 "(Appendix mb. 


‘Table. 4 (Appendix 1 Mm). It is noted that, in end 


would d have .= designed safely on the basis of working, direct, fiber stresses 
The average ee Column | (14), Table. 3 (Appendix IIT), is 55% more > than | the 


‘ener -point strength of the material i in the: test beams. 


ms, with the exception of T- 16 and T- 24 in which the low 
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Torsional Stiffness 
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end fixity affects, directly, the shearing stress. the is- 
beams with stiffener plates | "-27), the discrepancy between the 
computations and the test is high, as might be expected. The computed 
stresses in the web give an approximate check on the stresses indicated by 


‘tensometers. Special remarks on fixed- end tests are, as follows: aaa i ae 


4 ie Tests T-4 to T- 12 were of different lengths of the same 3-in. I-beams and * 
were well: adapted to show the influence of end fixity on ‘strength and 
| stiffness with the Tength of beam the only variable. ‘T he flange of each ‘beara 7 
was _ whitewashed | so that the appearance of first strain lines might be noted. po 
23 shows: the strain line pattern on the flange of one of these ‘beams 


after yield had taken gives: a graph of test 


Special attention in this series s of tests was given to Tests T-8 ‘and 10. 
Stress measurements were | ‘taken along the extreme fiber of ‘the flanges at peer 


short intervals of length | and the lateral | bending moment ‘in the flanges for ae 


definite t torque load computed from | these readings. The bending 
moments along the beam were plotted and the “curves we were ‘differentiated to 
p 
gi 


ve the lateral shear | in the e flanges. . These 1 results are compared in Fig. | 


Tests T-15 and nd T- 16 should be compared with the free- end test, T-14, of 


ay 


the same section, Test T-16 was a special r with additional stiffeners 
placed midway section. These were of the same e type as as 


q 


4 


| the end stiffeners and were parallel in a plane with the web. No outstanding “he 

stiffener was provided. Although th this additional stiffener gave the beam 

average stiffness 42% greater than Test 15, it "provided ‘only 40. 1% © 

the theoretical stiffness of a beam 3 in ly fixed at each cy 


4 
based ‘on 1 the 3- ft the | proper pats 


‘Test T r-AT, in contrast. to Test T-15, was of heaviest 6- in. section 


rather than the lightest. it shoold be noted that an 1 effective fixity of 96. 8% a 


was attained in this 1 test. iS. The end stiffeners were § | in. thick and 5 in. long. 


— 


as typical of the results for fixed-end tests. er 
‘Test T-18, of a subway column, provided an opportunity te 

Tests T- -19 to T-21, together v with free-end Test on the same 

“section, provided series of different lengths of of 8-in. H- “section. Tt is noted 

that the shortest beam _tested showed an end- fixity” efficiency of 101%, 


whereas: the general trend for shorter beams should be less end fixity because 
of the greater strains placed upon the end connection. This effect is ex- 


: 

| 

| | The torque- -twist diagram and data on stress distribution are given | in n Fig. 22 


3 ‘Plained by the fact that the over- -all length was used in the computations. 
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Test 740 31 
od 


Theoretical 
to das 


Distance Line in Inches 


oe 


ot ba 


Distance from Center Line in inches a 
DISTRIBUTIONS FLances or Frxep-ENpep. Beams. ror A 
MOMENT OF (2500 INCH-POUNDS. 
an} ban ‘ 


4 


2 


ee Test T-23 is of the heaviest s section of the 8-in. H- sections, whereas Tests 


-19 to T- 22 were of the lightest weight ‘section. ai bu woletod 


i 
d 


4 q 
E 8 


24 24 is of interest because it had the lowest end- fixity efficiency of 
the 6-ft beam sections, , with an. end fixity of only 45.5. per ‘cent. The | re- 

maining 6-ft sections ‘were more than 85% efficient end fixity. ‘The oe 
- explanation is found i in the fact that the end stiffeners in this base were not — a 
‘properly: designed, and the beam’ not only pulled loose at the weld from the 
end plate, but the end plate was badly warped during the test. _ The stiffeners — E. 
were in. thick ‘and 6 in: long. Had. they been 9 in. long and 1 in. thick, 
as provided in the tentative ‘Design Suggestions (1) and (2) (see heading, 
: “Design of End id Connection’ ’), it is believec that much higher efficiency would a 7 

Pests T- T-29 are of three different lengths of 12-in. I- beam, The 


ae 


VI Ge 


Temarks concerning Tests. T-19 to T-21 appear to apply in the case of these 


Summary AND ConcLusions 

Torsional Theory and the Torsion Constant.—The n in 


this p paper may be outlined under eight divisions, as follows: a enters 


The essential features of the general t ‘torsion problem are 


(3) An accurate. and. detailed method of evaluating the torsion constant 
structural H- beams and, I-beams.is presented (this method is based on 
known theoretical evaluation combined with factors determined by experiment 


| 
| 
Z — = 
| — 
= 
ik 


| 


Sg 


(4) are proposed for the shearing stress in the flange and web 
di e to pure torsion; bod yuibisty To hia ont 


6) The effect of shearing stress concentration in the fillets. due to both 


edt te omw' oy 
righ The problem of torsion with th either one or both ends of the beam 
is studied in detail and formulas’ for maximum 


= Specifications are suggested for the design of a welded: en nd con- 


of the formulas to torsional 


ection which will give a a high degree of end- fixity efficiency i in torsion; and, 


Test —The purpose of “the tests to = 
* | experimentally the additive | portion in the K-factor due to the added rigidity 
from 1 the juncture of the web and flange with the corresponding 


To this end, soap film experiments were “made on fifty- seven 


sections both sloping ‘The 


In computing the K-values of structural ‘sections the , experimentally deter- 


mined part of K amounts, in the most extreme ¢ case, to 10% of the total £: 
‘Hence, an experimental error of + 1% would possible erro error of only 
he ‘Free-end torsion tests were made on seven different beams ranging 
ze from a 6-5 -in. E- beam @ 20 lb per ft. to a 12-in. ‘E- beam @ 190 lb D per | ‘ft. a 


e heaviest ‘beam had a torsion constant about two hundred. times as great — 
s the lightest beam. fad hao ods +; isd 


The method applying the torque to the ends of the beam provided a 


an nd obtaining the ‘slope of the torque- -twist diagram, J the free- ended 


torsion tests provided (through ‘Equation (5)) a ‘definite check on the t torsion 

constant a as computed by the proposed method. Using = 11150000 lb per 
Se sq in., which is: theoretically correct for E = 290 000 000 Ib per sq_ in. (“a 
ie B= 0.30, the test results checked well with computed K- values. The n maxi- ¢ 


- mum variation was 6. 1% and the average for the seven tests was 2.26 per cent. — 


a. yield point of f the beams ir in both free- -e-ended and fixed- ended tests vas 


ty 


determined by a study, of the torque- -twist diagram and in cases “by 


of the beam. ‘In the free-ended tests the distribution of 
Prue flange was studied by measuring, with tensometers, 
stress at an angle of 45° around the center section. HOURS ou! 


~The fixed- ended tests provided : a ‘means | of studying the additional ieidity 
ee: h over the free-ended tests, due to fixing the ends of the beams. 


various lengths and sizes of beams were tested ranging from 
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62 Ib per ft. The 
heaviest hides had a -factor. fifty-seven the least, and 
° ends fixed the most rigid fixed- end beam had a Tigidity three hun hundred and - ten 


times as great as the least rigid with ends fixed. 


, ie The distribution of longitudinal direct stresses in the extreme fibers of the ‘, 
flanges wa was ‘studied by strain measurements taken along the outer edges 
flanges by tensometers. total ‘shearing | stress “distribution at the 


section studied by measurement of principal | strains at an angle 
The fixed- ended tests furnished information as to the proper ‘design of 


elded end connections for high torsional rigidity. VL 


in studying the relative distribution of stress. of the» results 
erratic. ‘The: ‘warping of the section during twist made it difficult to obtain 


steady set-up for the - tensometers, but i in most cases the test results checked - 
qi airly well with the formulas. — In spite of variations in result and. ‘incomplete 5 
ends fixity” it is noted that every beam te sted would have been amply strong — ie 
if designed on a basis of working longitudinal stresses at the ends. 

‘The present investigation has covered, accurately, the q question of torsional 

rigidity and the evaluation « of the torsion constant. The formulas 
esses which are propo ed are not exact but will be sa 


McClintie- ‘Marshall Corporation, subsidiary to ‘the Bethlehem Steel 
t furnishing the steel beams and the material for constructing the test ap 
paratus, and Lehigh University bearing all other expenses. 

a § Through the courtesy of the » Baldwin- Southwark © Corporation, of Phila-_ 
delphia, Pa., sixteen tensometers were loaned to the 
‘Special acknowledgment is due Jonathan Tones, ‘Am. Soc. ©. 
Chief Engineer; O. | H. Mercer, M. Am. ‘Soe. CE, “Consulting Engineer, 
Sterling J ohnston, M. Am. E., Engineer, all of the McClintic- 


Marshall Corporation, and V E. Ellstrom, Manager of Sales Engineering, 

Bethlehem Steel Company, for ‘their co- operation in the investigation. 

The study was conducted as a regular research project of the Fritz Engi- 

“neering Laboratory, ‘Lehigh University. C. Keyser, Laboratory Assistant. 

and all “others associated with the Laboratory contributed valuable 


throughout. Professor J. B. ‘Reynolds, o of the Department of Mathematics, 
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Navier. Résumé des Lecons. Third Raition, with Notes and Appendices 


Saint Venant. (Article 5 on “Torsion” Presents 


Zur ‘Torsion You ‘Staben. Physikalische 


Committee for Aeronautics, 333, June, 1917. (Report covering 
_ the experimental work with ‘soap f films Messrs. Griffith and Taylor. 


ae “8 (4). Trayer, George W., and March, H.W. | The Torsion of Members Hav- 
ing Sections Common in ‘Aircraft Construction. Technical Report 
the Advisory Committee for Aeronautics, No. 334, _(Reports on 
application of soap film tests applied to rigidity of 
airplane struts. an excellent bibliography on torsion and 


‘Timoshenko. Theory of Elasticity. First Edition, 1934. (Chapter 
‘presents a very study of Pertaining, ta, 


noshenko. ‘Strength, of, Materials ‘Vol. 


1929, Vol 369. theoreti ady of torsion with en 


(8) Trefftz, E. - Zeitschrift Mathematik und Mechanik, 


seal (9) Féppl, Aug., and Féppl, Ludwig. “Drang ‘und Zwang, Vol. 2, 1924. 


(Complete of all phases of. torsion “problem from a German 


(10), Seely, Putnam, and Schwalbe. The Torsional Effect o Transverse 


| = 


"Bending Loads on Channel Beams. Bulletin No. 211, University 

ee F of Illinois. ‘(Gives a theoretical discussion of ‘the problem of chan- 5h 

nels as eantilever beams fixed at one end. 

(11) Campbell. ‘Torsion Tests Made at. Northwestern University. 


ii 


ag) Nadai. Plasticity. 1981. (Chapters 19 and 20 preserit“the problem 

of torsion after the material has yielded and which plastic 
(43) Cushman, P. Allerton. Shearing Stresses in Torsion and Bending by 
_ Membrane Analogy. (Presented before the American Society is 
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The following adopted for use in this p paper, are 
guide to ‘discussers: toq anaiber ar. to 


Ho torsional factor in fixed- beams, 
= length of a rectangular section, 
a 
= a subscript denoting “flange.” 
= distance between flange centroids, Iatot = 
mn = breadth of a rectangular section ; also, where defined, ade = ‘minor 
adius of a fillet (authors duplicate) ; also, where: defined, 
= variable thickness of a section. 


bes 
8 = distance between stiffening plates. tot ort 
asa subscript, 4, denotes “due to bending.” 
a substitution factor in ‘Equation as ‘subscript, 
denotes “free ended.” 


web thickness; a: as a denotes 


a dubstitution factor in Equation (23) (see, also, Symbol A) 

constant; torsion constant equivalent to K for a fixed- 
‘beam ; Co = @ at the center ; average value 

diameter ; diameter of an inscribed circle (see, also, Symbol A) 

= elasticity; 4 modulus. of elasticity in tension and compression, — 


shearing modulus of elasticity. 


rectangular moment of inertia; Iz ‘aint’ I, for a cross- 
section with respect to the Xx “axis and the Y-a: -axis, respectively : 


Pest 


a torsion constant; K; and Kw = values of K for flange and 

length; as a subscript,. L, denotes eens 

: total shear over 8 @ cross-section, — 

i 
i 


It ll 


= 


& 


tI 


ec 


= 


“9 


2 


Il 


otal ‘slope ‘of flange section 


denotes “small end.” 
3 torsional: moment ; To = 


wi 
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72a depending on t the “-ratio, practically constant 


“3 
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for — greater than 3; > Vi and V; = of V for | arge end 
and small end, ‘respectively, of the flange. 


et =a factor that depends on two wo ratios, a ee 


= angle of twist, in radians per unit length; 6, = 6 at the uetnie. om: 


~e= stress; normal stress ; = longitudinal fiber stress in a 
= unit stress; = t for flange sections; tw = + for web 
= total angle between two cross- sections, 


tables ‘presented herewith are discussed 


— | Muasunep TMENSIONS, IN INCHES, To 


pth Actual Wzicet (Szz Fie. 6) 
_ 
| 


7.5| 7.4] 3.2] 2.98] 2.51 | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 
7.5) 7.4) 6.0] 2.98) 2.51 | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 
7.5| 7.4] 90] 2.98 | 2.51 | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 | 0.0: 
7.5 | 7.4] 12.1} 2.98] 2.51 | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 | 0. 
7.51 74) 18.1] 2,98 | 2.51. | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 | 0. 
7.5| 7.4 23:9 | 2°98 2.51 | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 | 0. 
7.5] 7.4] 39.0] 2.98 | 2.51 | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 | 0. 
| 7.5) 7.4] 53.9] 2.98] 2.51 | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 | 0. 
-| 7.5] 7.4] 5.5] 2.08] 2.51 | 0.342 | 0.342 | 0.162 | 0.27 | 0.532 | 0. 
7.5| 7.4] 2.08 | 251 | 0.342 | 0.342 | 0.162 | 0.27 | 0.832 | 0. 
20 | 19.6) 72 | 6.06] 6.01 | 0.257] ..... 0.362 | 0.28 | 0.566 | 0.243 
20 | 19.6} 72 | 6.06] 6.01 | 0.257] ..... 0.362 | 0.28 | 0.566 | 0.243 
20 | 20.9) 72 | 6.08} 6.06 | 0.303 | ..... | 0.372 | 0.24) 0.581 | 0.281 
5 | 39.0) 72 | 6.73) 6.25 | 0.501] ..... | 0.699 | 0.35 | 0.928 | 1.738 
38.1} 72 | 6.20) 9.91 | 0.431] ..... 0.447 | 0.35 | 0.735 | 0.802 
29.4} 18 | 8.05 8.04 | 0.290 . | 0.401 | 0.41 | 0.676 | 0.463 
29.4] 36 | 8.05| 8.04 | 0.290|....: 0.401 | 0.41 | 0.676 | 0.463 
20.4] 72 8.05 | 8.04 | 0.200| ..... |'0.401 | 0.41 | 0.676 | 0.463 
29.4| 72 | 8.05| 8.04 | 0.290] ..... | 0.401 | 0.41 | 0.676 | 0.463 
66.1} 72 | 9.05| 8.29 | 0.606|-..... 0.907 | 0.42 | 1.208 | 4.912 
60.9 | 72 | 10.05 | 11.92 | 0.390 | 0.650 | 0.546 | 0.45 | 0.910 | 2.101 
60.9} 72 | 10.05 | 11.92 | 0.390 | 0.659 | 0.546 | 0.45 | 0.919 | 2.101 
31.3 | 72 | 12.06 | 4.97 |70.350 | 0.705 | 0.345 | 0.42 | 0.882 | 0.833 
53.6| 18 | 12.07} 5.74 | 0.730 | 0.900 | 0.449 | 0.54 | 1.244 | 3.318 
53.6 | 36 | 12.07 | 5.74 | 0.730 | 0.900 | 0.449 | 0.54 | 1.244 | 3.318 
53.6| 72 | 12.07 | 5.74 | 0.730 | 0.900 | 0.449 | 0.54 | 1.244 3.318 
53.6 | 72 | 12.07] 5.74 | 0.730 | 0.900 | 0.449 | 0.54 | 1.244 | 3.318 
86.7 | 72 | 14.39] 12.56 | 1.069] ..... 1.714 | 0.62 | 2.186 |48.437 
65.6 | 72 | 12.14} 12.03 | 0.409] ....- | 0.604 | 0.58 | 0.953 | 2.297 
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I-beam... 
T-11° | 3-in. I-beam...... 
| Zin. I-beam...... 
T-14t | 6 by Gin.......... 
i. 
T-18" | 6 by 10-in........ 
T-19* | 8 by &in......... 

T-21* | 8 by Sin......... 
~ T-22t | 8 by 8in......... 

T-25t | 10 by 12-in...... 
6t | 12-in. I-beam.... 
* | 12-in. I-beam.... 
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—Pnysicau TEsTs OF MATERIAL in TEst BEaMs 


Stresses, in Pounds per Round Bar 
| 
I | | Shear- 
gation} duc- | ing | ing, 
in 2 |tion in yield 


_ | inches} area i mate point 
® | | ao 


62.1 1 52 850 
66.4 00 | 48 500 


66.7 45 100 
| 37.0 | 67.3 49 900 
56 570 | 0 | 65.4 47 900 


61 280 | 0 | 66.1 51 000 
61 180 | 38.8 | 66.1 50 700 
59 29 150 64 9 49 800 
56 330} 29 400 | 38.0 | 60.3 52 800. 
59 850 | | 34.5 | 65.9 47 700 
60 000 | | 88. 51 600 


59 740 


ia 


ONSTANT, K | 


Yield | Maximum, at the Yield Point yen = 

pot 
ol 

I a Inthe Flange | IntheWeb | 


Nomina 


nies 


t 


By By 
ten-_ Equa- 
som-_ tion 
| |, 
(10) 


dimensions 


test 
Percentage 
variation 


= 
= 

~ 


B 


12 12-in.. 
12 by 12-in... 


2.2 24 240 | 25 830 | 17 000 


s April,1985 STRUCTURAL BEAMS IN TORSION 507 
Shearing 
modulus, 
thousands §sSsgWh 
of pounds a 
q 7-13} | 38 900 | ...... | 63 550 fix 100 | 32.0 
T14\ | 41 000 | 37 800 | 60 450| 29200 | 35.8 26 400| 80000] 1200 «= 
T-16 | 39 710 | 35 790 22000} 50700; 11280 
T-17 | 43 020 | 37 000 24000| 64100) 12020 
T-18 | 34 180 | 31 570 | 22 200 | 65 600} 11500 
42 880 | 38 290 22 300 | 64700) 10780 — 
| 34 | 31 580 20 200/05 70) 11700 
a | | 40 80 | 35 530 2440/0410} 23:0 
38 310 | 33 900 400 71 000 i 
730) 83 380 | 90 900 18 700 | 64 500| 10780 
| 32 910 | 28 620 | 20 300 | 64 600} 11260 
—  Average..| 38 090 | 34 110 | mmm | 29040 | 36.5 | 65.8 | 22 740 | 49 800 | 22 070 | 65 620| 11 590 
0.243 | 0.243 15 900 | 30 400 | 29 700 | 22 400 | 19 700] 26.000 
ean: | 0.463 | 0.451 25 610 | 29 800 | 31 400 | 22 600 22 200| 23900 
738 7-25. 10 by 12-in...| 62 | 2.101] 1.960 50 900 | 19 100 | 23 400 | 12 600 | 17 900| 24050 
7-26.......| 12-in I-beam..| 31.8} 0.833 | 0.804 25 000 | 23 800 | 25 400) 14.900/ 17700) 23000 
163 | 55 | 3.318 | 3.380 64 000 | 20°700 | 20200] 17 100} 18500} 1900 
190 | 48.440 | 48.870 430 000 | 19 300 | 21 400 | 12 400 | 12 600| 207500 
463 65 | 2.297] 2.222 76 400 | 26 600 | 29300] ...... | 


dimensions) 


foot 
in Sache 
of inertia, Iy, 
measured 
0.8061 


in inches (from 


pounds 


Leng 

3 
ae 
Se 


a 
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Nominal weight, 
dimensions 
Values of coefficient 
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in. I-beam.. 
. I-beam. . 
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% bd. 00 00 00 


12-in. I-beam . 
12-in. I-beam. 
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8 PER SQUARE 


‘ti By | 

quation someters Equation Equation 


o 
OR AD 


888858 


105 000 | 57 100° 


ner in 


— 
#|+3CF 
— Sim Fbeam..] | 9 22 |' 0.7908) 0.943) 0.787 
| -in. I-beam 5.| 23 596 | M1341] 0.1901 
6 by 6-in..... 0.905) 0.777 
T-20.:.....| 8 Sin. ee 917 | 4.264 
Sin..... 087 | 27.55 | 27.90 
— | aa | as | as someters 
TAT... 986.8 29 600 | 18 700 
71 000 |} 16200 | 21600 |. 14 500 
| 17700 | 30000 | 8600 | 
p00 | 34400 | 12400 | 13300, 
of additional stiffe middl = 
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H. M. WEsTERGAARD,” M. Am. Soo. and R. D. 


different formulas for aa odatalieethals of torsional shearing stresses at fillets. 
-The‘curve which is identified by the names of the writers was ‘derived as a 


result of correspondence with the a uthors, and for this reason its derivation 


“The process of approximate analysis is closely related to those by 


and L. Féppl* and by 8S. ‘Timoshenko, but differs i in the following ‘réspects : 


= 


to 
i 


BraM IN ‘Torsion. 28. —SHEARING STRESSES AT 
SEcTION 1-2, IN Fie, 27. _ 


the fillet led toa ‘slightly concentration factor near begins 
of the fillet, at Point in ‘Fig ig. , than that obtained by Timoshenko’s 


ae Notn.—The paper. by at _ M. Am. Soc. C. E., and Bruce G. Johnston, Jun. — 
Am, Soc. C. E., iS published in this number of Proceedings. This discussion is printed in 
in order that the views expressed may be brought ‘before all members tor 
2 Prof. of Theoretical and _MeBhasics, Univ, of Ilinots, Urbana, Minois. 
18 Research Asst., Dept. of Civ. Eng., Columbia, Uniy., New York, N. 


4"Drang und Zwang,” by A,.and L. Féppl, Vol. 2... Second Edition, 1 928, 78. 
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AND MINDLIN- ON AL IN TORSION “Discussions 


_ formula; and, second, _ the > writers had before them the detailed data obtained 


by P. A. Cushman” in tests with soap films. f: ‘These data show clearly that 
the maximum shearing stress occurs at a point such Fig. 27, and 
that there is a notable i increase of ‘stress from Point 1 to Point m. Special 
“consideration was given to this increase. 
d Let To denote the shearing stress that would exist at Point 1 inv Fig. 27 
| if the edge of the « cross-section at that point were straightened out by 1 moving 
; ‘: beginning of of the fillet toward the left, when, at the same time, , the thick- 


“ness of the flange, t, the torsion factor, K, and the total twisting moment, T, 


re left unchanged. The stress, to is defined by the formula: — 


4: 


Tet stresses at Points 1 and m, tm , bein 


“he maximum stress at the fillet. Then _is the concentration at 


over an opening shaped like the cross- “section and is inflated a small amount ie 
an excess air pressure on one side. shearing stresses on the original 


section ‘the contour dines on ‘the film, the edge being one of the 


slor pes of film, or to the density of the contour lines, 
contour lines at ‘Section 12 in Fig. 27 must be approximately perpen- 
dicular to that | section. Accordingly, the shearing stresses, at that section 


approximately in the direction of Since the slope of the film i is ct, 


¢ being : a constant, the curvature of the film at Section 1-2 in the direction “ 


xz becomes c — 

- tion 1-2 is accounted for 


curvature of the contour tes a point is R, the 
of ‘the film in the direction of y at the same point c The -curva- 


BK ture of the surface i is the sum of the curvatures in 1 the directions of x ; and we 


odd 99 silt 
bast? 
constant. ‘Since = r at Point 1 and R at Point follows that, 


“Shearing Stresses in Torsion and Bending by Membrane Analogy,” by P.. A. Cush: 
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Since | Points 1 ai on the same it is 


ef 


a8 shown in Fig. 28. Equation (60) has been that ‘it satisfies 


| general requirement of ‘shape well as the specific requirements 


Equations: (58) and (59), and, therefore, may be assumed to represent 
The constant curvature of the. film may be computed as: ve 


‘It the fillet were ‘some distance away, this curvature would remain ‘the e same, 


would be replaced by and the term containing would disappear. 


which gives the concentration at Point 1, 


Equation (64) can be. used to estimate of by re 
making: the following replacements ti is s replaced by a distance , tm, measured 


along a curved section as drawn from m to n; and To is replaced by a stress ae 
k 
esponding to straight edges and a thic skness, tm: that is, according to 


(57), b by to bm . Thus, the concentration factor becomes, _ ig 
: id 


son 511 
also required 
= 
) 
iy 
-(61) 
| — 
— 
— 
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osePH B. Reyno 
I- “beams been th thoroughly by the authors for cases. 
is the purpose of this discussion to compare the authors’ results with a pou 
- general theory for the twisting of I-beams under differing types of loading. a 
ROTTS 
Only the ‘effect ‘of twisting is considered. 5 The e assumptions and the notation — 


Consider the he requirements for equilibrium at a section the beam ata 


a, from the fixed end as shown in Fig. 29. | The inner mo ments: * 


~ 


together with ‘the moment of the ‘shears, must balance the outer 
moment ay applied to. the beam to the right of the section. This outer twist- 


oe ing moment, Te will vary in general with the position. of the section; that — 


vil with For equilibrium at this section one must’ have: 

+ Tw t+ Qh = To. (68) 
in which and Ts indicate twisting moments of flanges, web, 


In terms of the co-c -ordinates of points on the neutral axis, y= = f(z), th 


following approximate > relation may be written: 4 


"Prof. of Math. and Theoretical Mechanics, Lehigh Univ., Bethlehem, Pa. 
ABB) 11a Received by the ‘Secretary March 16, 1935. 
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is odd, the last term is the va 


and the twist per ‘anit length is $ vd doviz taede odt oonta 


rels ear and bending 1 moment: eu! ibosiguol 


‘By ns he of a, 68 


idw ol 


has the general 

y= A ‘sinh = B cosh—+ C+ y 

which is the particular solution satisfying Equation (72) and the 

B, ¢ are” determined by the boundary conditions for 

“the beam. Equation (7 3) is the same as authors’ (34) for the 


ease considered. The value of y, is: 


> 
the usual types of x can 1 be written in the form: 


} ot AG 

ins n, are constants. When Equation (75) holds 
successive parts shows thst Equation (74) may y be written 


in ‘is even in (18) the last term in Equation (76). ie 


he value of thus determined one ma 


— 
— 
(72) 
— 
4 
g 
19 
- 
ty — 
— 
— 
— 
— 
— 
by Equatio (td) and the relation, M — £14 ——, write: == 


a 


he e longitudinal stresses along the outer fibers of the flange will be. e given 


the lateral shearing stresses in the oF by: Phen, « 


+ B sinh +4 (80) | 


= 


he angle “through which the “beam twists ¢ ond? thom the 5 


and has the value: 


In this manner, general. values are derived for the principal bea of £: 


interest in ‘the ¢ case of twisted beams. The : maximum values of these quanti- 


‘rounding the strained beam. Example (a) demonstrates that Equations 


ies will occur for differing values of x, ‘depending upon the ‘conditions s sur- 


(73) to (81) reduce to those g given by the authors ¥ s when the ‘proper limitations $i 


Example (a).—Beam Twisted Torque, 4 Applied at Its 
Ends, with Both Ends Restrained.—In this case, 


therefore, ¥ = The constants: A, B, and are by 

the ‘that for s = 0, a and — Furthermore, 

_ Since the derivations of X are all 2 zero, Equs- 7 


and, by (8): 


which is the same as that. presented b in Equation (35). The 


= maximum displacement, Ym, oceurs - where c=! and has the value given ir in 
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"moment in each flange, which has (where ,or 0), a 


ib 


% 


which corresponds to the (42), and Equation 
= tanh —— — sinh — + — — tanh — 


le (0) —Beam with One E End Pized, the Other Fre U 


stant T. —In this case, as in Example (a). ‘The 


ie conditions determining A, B, and C are that for « = = 0, y=90, and - ='0;; 


and for 0. Th of the deflection obtained is: 


‘ cosh — tanh ye — sinh — p.m — — tanh — 
this all the other principal variables  Feadily found as 


Example (c)—Beam with Both Ends Fixed and a Uniform 
Load Along Its an ‘Eat ernal Moment, T.—In n this ease, 


— 
) — 
— 
iquation (78) reduces to Equation (38) and Equation (79) becomes Equa- 
ia 
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REYNOLDS ON STRUCTURAL BEAMS" IN TORSION 


of A,B Cs are by the. requirements that for 
and - = 0, and for The defle tion 


4 


vill be 

(86) 


axe 
B, 


A, and are d determined ‘by the requirements that 


deflection 


ASE) soitar 


y 
, thus shown that the formulas developed and substantiated by test 
Tesults in authors’ are identical with those obtained 


ent of the | subject. of ‘torsional. resistance. 
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OF CIVIL ‘ENGINEERS 


ots Founded November 5, 1852 


WATER POWER DEVELOPMENT OF 


DANIEL W. MEAD, Hon. Am. Sot cc. EB. ae 


: 


‘Dane W. Maun," ‘How. Am. Soc. C. E.. (by letter). —The. writer 


- For example, he agrees with the first statement that “e 7 f * the choice. ofa 
‘single-stage or a double- stage plan be settled satisfactorily solely 
on engineering or economic grounds.” This statement is. verified by the 
treaty | lately before the Senate for consideration, which by no 


writer also agrees with ‘Mr. . Hoge that. -the fact that it. [a 
| St. Lawrence] is an international river cannot be ignored.” iq While, in gen- 


r eral, governmental activities must perhaps be based on “political” ‘ecohomy 
instead of on economics, : the difficulties become greatly accentuated when a 


project becomes international and increase e probably - somewhat faster tha n the 


square | of the number of Governments mvataslly interested i in a project. v2 
‘These nwever, he 
These difficulties practically vanish, however, i between : two nations t 


administration of one of them is so anxious for the project to ‘enetetialinn 
that it i is not only Teady to submit ‘to dictation “as to the plans for the 


development: and its cost, but ; also to’ ‘surrender, forever, sovereignty over non- 
international waters lying entirely within its own borders, and, finally, to 


limit arbitrarily the use of such waters by its own people. Ahoy dot 
_ Norz.—The paper by Daniel W. Mead, Hon. M. Am. Soc. C. E., was presented at 

t ie Joint Meeting of the Power Division of the Society with the American Institute of — in 
_ Electrical Engineers and the Hydraulics Division of the American Society of Mechanical | 
Bogineers, Chicago, Ill., June 29, 1938, and was published in August, 1938, Proceedings. 
_ Discussion on this paper, has appeared in Proceedings, as follows: August, 1933, T. H. — 
Hogg, M. Am. Soc B.; November, 1933, by Messrs. Theron M. Ripley, W. S. Lee, : 
_ Frank EB. Bonner, Rufus W. Putnam, James W. Rickey, Walter M. Smith, J. W. Beardsley, ; 
- and L. F. Harza; and December, 1933, by ‘Messrs. Adolph J. Ackerman, o- L. F. Harza. — 


® Prof, Emeritus, Hydr. and San. Eng., ‘Univ. of Wisconsin ; Cons. Bog, Madison, Wis. 
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regard to the proposed St. Lawrence power development. He is in agreement 
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the Province « of Ontario are to be congratulated on their 
intelligent handling of this entire Project. reiterate Mr. Hogeg’s state-_ 
(under the heading, | “Reasons for Woe, Accepting Author’s Set- Up"), 


a 


re 


* * the Canadian organizations studying the problem have been living 


ce with: the river for a number of years, and * = practically the same per- 

i nnel has been engaged in the work throughout.” The Canadian and 

a "Provincial organizations worked independently, but conferred and discussed 


the fully. They found the “stage development of 


Py inhabitants along this stretch of river apparently became pone at the pro- © 
ce ’ posal to increase the height of the water, which involved (to them) unknown an 
3 danger, real or imaginary. Therefore, they appealed to their Parliamentary 
= representatives, and | apparently succeeded in creating 80 strong a public 
as to render this | plan politically impossible. ro 
fas the Crysler Island Two- ‘Stage Plan, only the e upper twenty miles of z 


the Lawrence is to be raised, and this to a less degree; so that while me 


‘ 


Ontario Hydro 1-Electrie Commission for the maximum amount of power 
be developed ‘all things considered. ” Having fully decided what 
they could and would do, the Canadian’ members of the Joint Board were 
the members of the J oint Board from the United States. 
i mae. policy of the United States in regard to the study of this project a 


been quite different. It has been the continuing policy of the U. 8. Govern 


ment, ¢ as 1s far as the Corps of Engineers i is s concerned, ‘to place an engineering 


to. send him to some other and often quite different 


; the American representation of ‘the / American Sections of the 
Ba oint Boards that have considered this subject, has consisted in general of ; 

Be entirely different engineering officers and, hence, these Sections s have been at 
ae 1 great disadvantage and more or less « dependent on the Canadian Section and 
4s The: arbitrary position of the Canadian Section of the Joint Board, and the 


substantial agreement of the Power Authority of the State of New York a) 


ne its engineers with the writer’s conclusions, i is best described by reference to the 
Second ‘Annual Report of ‘the Power Authority of the State 


the U. S. De artment of State and the Power Authority by the question of the 


"engineering plans. for the development of the International Rapids Section, 

* the ‘Power Authority early in the negotiations directed its engi- 


“neers to make a thorough study of all the plans that had been proposed by 
the engineers of the United States and Canada, = 
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f “They the plan prepared for the St. Lawrence 
ment Commission of New York by its Advisory Board of Engineers headed _ 
by the late Major General Edgar J adwin ¥ was the most economical and efficient, a a 


wnent with a recommendation that it dives seriou 
oint Board Engineers which had been the ‘United States 
nd Canada in connection with the treaty negotiations. The Power Authority © x 
was subsequently informed that the American members of the Joint Board 2 
strongly favored this single stage plan but that the Canadian members were 
insisting upon a two-sta age plan with dam at Crysler Island.” 


According to this report, the objections of the Power Authority to the Crysler Bas 
Island Plan were laid before the State Department, on January 6, 1932. Being a 
- strongly impressed, the representatives of the Federal ‘Administration arranged — 


for 3 a joint « conference with the representatives of Canada on J anuary 16, 1932. ee 
At ‘this conference the engineers of the Power Authority proposed a ‘modified _ 


two-s -stage plan, with a main dam at Massena Point, and ‘a control dam (at 
which no power could be developed) at Galop Island. It was hoped that this 


compromise might be acceptable because it. “was ‘similar to a plan | that had =f 


originally been preferred by the Canadian engineers and t that was ‘abandoned — a ia 
only because ‘the United States Engineers objected to the relatively slight loss" 


The Canadians ‘rejected this plan, however, as s well as all 
“When it became clear that a treaty could not be ‘negotiated that did not tee 


provide for a two-stage plan, the Power Authority adopted the position a gl 4 


q 


whatever plan might be agreed upon | between the United States and Canada, 
‘ “the power development i in which N: ew York was primarily interested should — 
not be required to pay more than the power project would cost if constructed thes 
In accordance with the most economical plan.” 


y the foregoing conditions are considered i in the light of the American Geen. 


Section’s final instructions from Washington see paper under the ion 
“Introduction”), and the rejection by the Canadian Section of any 
other than th the Crysler Island Two- “Stage | Plan, the findings of the J oint Board 
+ of Engineers (Reconvened) that the two- -stage plan “ ‘is practicable and feasible” 


tad In some mz.ters the writer i is pie differ wi His 
_ ‘ment (under the heading, “General”) that “he [the writer] paisniti a marked 


preference” for the New York Massena Point plan, conveys an impression 
that the writer was in favor of t the plan. yy ‘The writer, kr knew nothing about the 
ort ite... 


: proposed New York plan until, in February or March, 1932, when he began 
a study of the various reports, refer red to in the paper. The writer has no 


from a critical analysis of those reports. He does ‘not doubt: that Mr. abe 
believes that the estimates o of the New York Commission’ Ss report are on an 
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gests rémove ‘the ‘Masseria Point plan 
— ‘the other hand he cannot believe ‘that the late Maj- Gen. Edgar J dele,” 
> 
‘Am. Soc. E., the distinguished Chairman of the New York 
Commission (who, also, at. one time served as ‘Chairman of one of the 
: _ American Sections of the J oint Board and who apparently. was W well informed 
the subject) and the other distinguished civilian engineers who served 
him on. the New| York Board, would furnish their client with: an under- 
already explained, the writer is unable to answer ‘the 


tions raised by Mr. Hogg, and regrets that those civilian engineers who, being 


sufficiently well informed « on this subject to have furnished an effective answer, 


Bx In the second paragraph under the heading, ‘ ‘Generl”, Mr. Hoge explains 
a what “accounts for what may appear to be lack of sufficient detail in the later : 


eee reports.” _ This lack i is serious concerning not only the power “development 
the ‘entire. St. Lawrence project. Volumes have been written ‘for and 


oe against the project, “much of which has been in ‘the nature of ‘Propaganda. 


There. is—as far as the writer is ‘aware—no place for the interested to turn . 


‘to get, an ‘unquestioned fair and unbiased discussion | or ‘undisputed facts show- 


¢ ing the desirability of the project, on which an ‘intelligent opinion ‘can be 


_ Answering the comments of Mr. Ripley the writer would: say that he was — 
‘aésigned the question ‘of a comparison of the various plans of the proposed 


hydraulic power developments of the International Section of the St. ‘Lawrence 


River: and has’ not even attemptéd to discuss the economics of | power trans- 
mission and use. _ Fortunately, this matter is covered at some length’ in the 


Eat 


of Mr. Bonner.. Neit er did the writer attempt, to discuss the still. 
greater and more ‘complex. question of the St. Lawrence Waterway. in its 
ae broader significance. The latter question i is so complicated that, apparently, — a 


esl attempt i made to justify the construction of this project which & 

seems to have > become largely. a political matter. Af fairly ; complete discussion fd 

of. ‘this subject appears in “The Great ‘Lakes: and the Lawrence Ship 


Channel, by R. 8. MacElwee, Affiliate, Am. Soc. om E, and A. HH. Ritter, 


published i in 1921. . Based on an apparently impartial examination ‘of the data 


available, and on a personal examination of the route by Mr. MacElwee, the o 
authors, of this volume. conclude: (1). That both the waterway and ‘the power 
development will ‘be very profitable to the, citizens of the ‘United States and 
(2) that, the saving on the ‘shipping of grain will amount to from 


Est 8 to 10 cents per. bushel ; and (8) that ‘great savings will be made , on practically ax 


“all that i is produced within the area Bs gif to the Great Lakes. To quote — 


improvement required to admit ocean vessels into the Lakes, *.. * The 
water power afford. revenue which will, main: 
ze the full cost within 
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is on the of a ‘of people extend: 


. First -—That the saving to the farmer will be 4 cents per bushel on the 
shipment of wheat and rye (which they estimate constitutes more than 50% 
of the probable total traffic) from Duluth, Minn., , to Montreal, Que., Canada; 
4 that is, to reduce the costs ; from 9 ‘cents per bushel (which was its 1929 price) — Be 
to 5. cents per. bushel over the St. ‘Lawrence Waterway, will cost. the ‘taxpayer 4 


cents per bushel, or involve a total cost nd indirectly of 16 cents 


Second.—That ‘while the: power may with 
-_electro-chemical or electro-metallurgical industries situated on the river near 
the power plant, it will. be uneconomical ‘if transmitted to the: New ‘York 


if this. opinion is the project is apparently as sound as as most of 
Government. navigation- power: projects now. under way.. i ‘The economics 


- of this problem are greatly involved and many ‘opinions concerning them are Woe 


diametrically opposed. In the writer’s opinion this project ultimately will be ee 

earried completion. If, in. general, ‘the internal navigation projects of 
the: United States are at all warranted, this project which opens up @ great a 
territory of the United States and Canada ocean navigation should 

ultimately be « of great importance. seems unfortunate the 


4 ue This is a subject with which the writer is unfamiliar and ‘the conclusions sy 
of these engineers indicate that the estimate, the paper, of the greater 


of the Massena Point Plant not ; overdrawn. ae. th 


‘The writer agrees with Mr. Ackerman that experimental models are a 
basis for determining the results which will: be ol obtained from new 


__ hydraulic design and m ay Ww well be utilized i in some of the new problems — 


Sheng on ‘the effects of these different power developments on 


in the proposed development of the St. ‘Lawrence ‘River. ‘The difficulties in- 
say in the question under consideration are not so much technical, 


; as they are political. There is no question i in the mind of rigs 

the as questions of pes sdvissbility is 
different. These are problems which 

the satisfaction of all concerned. 


‘Canadian authorities ‘recognize the fac 


tyes 


| | ON ST. LAWRENCE POWER DEVELOPMENT 
| thé:other hand, the most thorough diseussion of both 
n | power questions with which the writer is omer 
entitled,. “The St. Lawrence Navigation and Project,’ 
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est possible extent, but such investigations are so rare in | 
fullest possible extent, but such investigations 
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that it is the part of wisdom — 
til the present depression is over. The following 


mis MEAD ON ST. LAWRENCE POWER DEVELOPMENT 5 


“Last w to the public 
Thus C. one of the Commissioners of 
the Ontario _Hydro-Electric Power Commission, Speaking r regarding the 


was with the Commission and the people of Ontario when they were not able "4 

to get the St. Lawrence at the particular time, because | 
able to get the St. Lawrence scheme completed we should have had 
if $80 000 000 deficit every year. Instead of that the Commission got the private 
interests. to build plants and give us the power from ‘Quebec. Such 


thus draws: special attention ‘to what might have proved a great economic 4 
loss, emphasizes the need for fuller economic consideration especially under 7 


the rapid and pronounced changes that characterize national and inter 


‘anid: Mr. ‘Rickey ‘that this important 
ject is a pertinent and proper mibject for the of engineers of both 


Canada and the United States: and is worthy of the most ‘careful, fair, 
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BY A. V . KARPOV “AND R. 
‘MEMBERS, AM. Soc. C. 
ARPOV™ 1 R. L. * Members, 
“Seven discussions were published applying to this ‘paper, two 
which « came abroad. ‘The writers are much - impressed with the 
 €xceptionally high ch aracter_ of each of these ‘contributions. The different 
points: developed in the ‘discussion can be broadly summarized as follows: 
| The use of models in investigation of arch dam problems; (II) similarity 
conditions; (IIT) type of models ; (IV) results of tests on Calderwood and 
other models; and, , (V) design methods and theories. It will better answer a 
3 the purpose of the closure to | discuss ‘each of these topics separately, rather 
| than to consider individually ‘the contribution of each discusser. 
(1) The Use -of Models i nm Investigation of Arch Dam. Problems. —Two dis- 
Mr. Janni and Dr. Probst, ‘question the advisability of using ‘models’ 
es in the > design of of arch dams. Mr. J anni considers the temperature | stress . gees 


importance and does not believe that this : ‘stress can be measured 


Re 


Ina number of ‘the writers with Mr. Si anni. so so. far 


the theoretical computations are are ‘concerned, they are correct so long as the 
eeeton or: be made that there | is a monolithic arch between fixed abut- oe 


1 . It seems that the usual simplified — 
“assumption of fixed abutments and | a non- -yielding foundation is quite firmly 
fixed in the engineering ‘mind. For a number of structures such an -assump- 
does not involve any considerable “mistakes; but for arch” dam, 


é0 nsisting ofa number of blocks between abutments, such ‘simplified a assump 


Nore.—The paper by A. V. Karpov and R. L, —"s Members, Am. Soc, C. E.. 
_ Was published in December, 1933, Proceedings. Discussion on this paper has el 
_ in Proceedings, as follows : April, 1934, by Messrs. A. W. Simonds and Lars R. Jorgensen; 


May, 1934, by A. C. Janni, M. Am. Soc. C. E.; and September, 1934, adi Messrs. P. Wilhelm 
Werner, Eldred D. Smith, Elmer O. Bergman, and E. Probst. 
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KARPOV AND TEMPLIN 


particularly the foundation, are and the 
foundation should be considered as very flexible. Fig. 9 makes ¢ clear ‘the 

comparative magnitude of the deflections of ¢ the foundations and ‘the dam 
‘Under such conditions the conclusions based on the formulas by 
f 
—Janni are incorrect. On the contrary, temperature variations 


changes in are accompanied by insignificant change 


a Figs. 21 and 22, with Table 4, show + the results of temperature 1 ‘measure-_ 
ts, ex period of ‘carn: two years, on the Calderwood Dam. 


21 AND 


Thickness of block, at temperature station, in feet.. 
_ Elevation of temperature station above datum,* in fect. } ca 
_ Concrete placed at temperature station . 
i Concrete placed at adjacent blocks July October 17, 1929 
Block exposed to water 15, 1930 | April 1930 
Distances from Down-Stream Face of Block, in Feet: 


4 


ae 


‘Dorite that time four s sets of measurements were made; the first se was begun 
of placing the concrete until, and including, . April, 1980; 


Figs. 21 (a) ‘show the d daily and weekly averages at Elevatio 
795 of Block 6 “(see ‘Fig. 8). The temperature ‘measuring stations were 


ocated 31, 14, and 2 ft from the down-stream face of a block, 58 ft thick. 
“Figs. 21(b) and 22(b) show similar temperature ‘Measurements at Elevation 


of Block. 10, “the stations being located 14 “and 29 ft from the 
stream face of a block, 26 ft thick. The time when the concrete blocks 
Fide ere completely surrounded | by adjoining bl blocks, as well: as the time since, 


when they were exposed o water at t the vu aces, | is ‘indicated in 


ese temperature curves, as as curves of 


that the conerete only a a few inches from the surface a 


not. Op temperature On the co contrary, the tempera- 


‘ture within the dam changes very slowly ; only a few feet from its f ace, 
the temperature changes are principally to the heat of the 


crete and its rate of dissipation, and to a much 1 less ex extent ‘ o the chang- 


ng air or water temperatures. Nevertheless, | if any st stresses are developed 


in the prototype, they can be simulated | and measured | on a model properly 


built | and operated. Some method analogous to the one one described in con- 


“nection with Fig. 1 13 will disclose strain and stress’ ilesepeotled of the actual i 


e formation. 
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April, 1035 KARPOV AND TEMPLID 


his discussion Dr. Probst presented, quite ably, 
against the use of models in arch dam design. _ The writers are in full 


"agreement with a number of points that are brought ou in his discussion, ee 


although they cannot agree with his conclusions. In conformity. with the | 
ideas expressed in the paper he states that the ground and abutment condi- 
tions are of paramount importance in so far as the behavior of the dam ss 


concerned. ¢ Furthermore, he declares that t these conditions cannot be prop: : 
y repr resented in a model. ‘That was one of the ideas on which maida: 
| were built the past; to- “day, however, it is clea 


statement cannot be justified because the and | abutment 


as well: as ‘the conditions of ‘the dam proper, ca 


striking proof off that statement. Investigators know better now than. i 


- the past how to represent the ground conditions in a model, and with furth 


study the methods of ground representation will be improve 
iffic 


As the m matter now stands, there no particular d repre- 


: senting the , ground conditions. — The main difficulty lies in determining the 


properties of the ground; and, that respect, ‘the work done during the last 


_ few years, particularly in Germany, in applying the vibration method for 
- determining the properties of of the ground, seems to be of cardinal | importanc 


Tf su such work: on actual ground i is continued | and is followed by model studies, We 


engineering science will dispose of one more mystery, and the ground material 


treated as every: other material used in engineering. BL 


the stresses and coaly measurements at the d itself can disclose the 
stresses within the structure. The writers scarcely can agree with that state- 


- ment. _ First, the stresses within the structure are undoubtedly of importance _ dae: 
and should be studied and determined ; ; but why they should be more 
important than surface stresses is: not clear. After all all, considering: the prac- 


tical point of view, the deterioration, of co concrete starts at the surface a and 


the surface stresses are at least as important as the stresses within the dam. HE 
Secon d, the stresses within the structure can be determined with -consider-, 
able saving of time and much more ‘reliably, if the measurements mede 


dam | are supplemented 1 by a model 


ios than, Send instance, many ‘commercial metals; ; but, again, i Be concrete 
to- day is much uniform than the concrete of yesterday. It 
rather: surprising to what extent the uniformity of concrete. can b e improved 
ond mixing in 1 a central plant with | ‘controlled 


liberal: use of vibrators 


he 
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aggregates in large masses act as a UMllorm Material even 1 
possible illustration is probably the | 


= 


one taken from the ordinary ‘commercially used metals, (i Every : metal is com- 


“Posed, of crystals that. may have different ‘elastic and directional 
‘properties. Nevertheless, : so long as these ‘erystals. are distributed at random, 
but. not: preferably oriented, the material has: a high degree of uniformity 
in ‘pieces: that are: large when compared to the size of a single erystal. The — 
elastic’ properties of such materials represent some average of the integrated 
values of the properties of the individual crystals. Proper proportioning, — 


mixing, placing, | and vibrating of the conerete will prevent. any preferential 


r orientation of: the particles and in that 1 respect a large mass , of concrete 


Dr. Probst arrives at the conclysion that since it is impossible to build 
proper model of a gravity dam or an arch dam, no model tests. should ‘be 
fa. attempted, but rather that measurements should be made » on actual dams. 
The ‘writers. do not bélieve that measurements made on a prototype exclude the 
necessity of measurements on a model, or vice versa. From theoretical 


viewpoint, measurements ‘made on a prototype are ‘the best. . From a ‘prac: 
Ag ot + tieal viewpoint, considering the magnitude of a dam, the inevitable limitations 


of such testing program and the impossibility of. varying arbitrarily the 
loading conditions, such measurements. are of relatively 


the time, ‘work, and expense These measure- 


5 


‘Taking as an ‘Mlusteation the measurements on the Bleiloch Dam men- 


but the practi of these results is uncertain unless they 


ean be built with: the Teast possible material. "Measurements on a dam 


searcely" can ‘give an ‘answer to these questions -unléss by 


Contrary to the opinions of the past, one cannot expect to use ‘the 


results ‘of measurements to develop an ‘improved: theoretical method of 


The “question of to day is not How to supplant arbitrary 


Fig. 20 of Dr. Probst’s discussion is of nterest, but doés not’ 
support the contention that ‘the within the dam | ‘cannot be 
from’ on’ its faces. First, should be noted the unusual dis- 
tribution (from the American viewpoint) of the construction’ joints. Second, 
the ‘changes in the ‘of the temperature curves s hould be studied. 
Curves I, II, and HI ‘shor the temperature before the dam was” put in 
“anid “Curves Tv, V, ‘VI, and ‘VII after Water was stoted’ above the 
The “breaks: — latter ‘curves | are an i ndication ‘that “water 


fit ight 


— 
— | 
— 
Bee 
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through | the construction joints. Such circ wi 
concrete blocks cooled d and the size of the joints increased this is manifested: 
8 by the , shape of the breaks of the temperature curves at the left construction ie 


joint shown on the diagram. Tf: these joints: were differently arranged and 


better grouted, ‘no water would circulate through them and | breaks would. 
LONG: 


have occurred in the temperature curves. rit Even ‘under present, “conditions, 
after” the concrete. has cooled ‘and the dam has. ‘attained its final 
service conditions, the breaks in . the temperature curves should ‘disappear. 


The regular shape ‘of the temperature curve (Curve at the 


joint, is ‘a rather convincing argument ‘to that effect. 

(IT) ‘Similarity. Conditions. —There seems to be. an agreement of ‘opinion 
that 1 the similarity conditions” established in connection with the Calder- 
model are ‘complete ‘and that a perfect ‘model must meet every one of 


them. Mr. Smith is perfectly correct when he ‘states that the writers took — 


‘ee to prove ‘the importance “of the specific, gravity requirements. | It is 
rather: therefore, to the’ writers that this question is raised 
me again, a and attempts: are made to minimize the importance of . these conditions. 


Considerable discussion comes. from those advocate the advisability 
of building an imperfect or r only § a partly correct model, In connection with | 


t's 


are. discussed. Messrs. Simonds, ‘Smith, ‘and Bergman allege that the specific 
tie x 


gravity requirements are of importance only if both the dead load and ‘the — 


} live load stresses are measured, but that this requirement | is of no importance 


if only live load “stresses: are measured and hence an imperfect model that 


fin 


neglects specific gravity” ‘requirements is satisfactory for practical 
hasize the dangers of the ‘misapplication of the dimer 


theory ‘the omission of a quantity that i is difficult to handle, was 
i done | by Professor | Bergman i in the derivation . of his Equations (17 ). to (19). 


By using such a ‘method, almost any desired statement can be ‘proved and Saas 


ti fs yt? ite 4 
ig any improper similarity ‘condition ¢ can established. In order to ‘apply 


dimensional theory. properly, all quantities entering ‘into problem 
Tt 


‘must be considered. ( Only quantities that are negligible it their effect can 
be omitted without appreciable error. ‘omission of such “an important 


quantity” as the weight of the material of the dam will result, in similarity 


DOS a4 or corey: 


conditions a applicable to a weightless dam. “Such similarity conditions could 


Sh 


be used if a dam is investigated, ‘the material “of which has a “very” small ei 
as compared with the loading liquid. These conditions, 


be with re erence ‘to an actual dam; the material of 


Fig. 18 of Mr. Smith’s discussion “sind elaboration on ‘the Subject a 


well as ‘Equations (17) “to net: 9) of Professor ‘Bergman’s ‘discussion | and his 
ig. 19 are all based on the fallacious assumption that admissible’ to 


valuate, separately, the dead load and live. load stresses and to arrive at the i: 
ne 
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Aj proper of the more more complicated three-<i -dimensional stress 
a problems i is possible only if the principle of superposition is s properly applied. i 
‘e The simple addition of the gravity : and live load stresses would be permissible a 
ya a straight- line > distribution, of stress could. be assumed. — In addition to “a 
ior 
ox bres » Fig. shows: clearly the ‘incorrect- 
. Conventional “ plac 
Ie Professor Bergman states sad ‘That a ma- 
tus terial with a Poisson ratio of 0.50 presents a 
: 
special case.” So far as a structural model is 
e 
concerned , only practically non- -existent ma- 
terial with Poisson ratio of could be ‘ee 
res 
bin. material the application ‘stress one 
— direction would not produce strains or stresses “aif 
“direction, any material having ¢ a Poisson ratio 
| bss § 0. -15 or 0.50 will induce strains or stresses 


in ‘other directions, the | only difference being 
in ‘the magnitude of the strain or stress. Ka 


oo that connection it would s seem that Professor 


Assumed Stress 


Knol Bergman’ statement, “for. such a value of the 
sta ‘Poisson ratio [0.50] the material deforms with 
ActualShear Me 81 
a ad change in volume, that if i it is. com- 
Assumed | pressed at one point, it must expand at an- 
+3 other,” is unfortunately worded, because there 
Bd is no difference in the behavior of the material _ iz 
0 


Fig, STRESS AND having | a | Poisson. r: ratio of 0.15 or even 0.50. 


‘There no question that ba must expand, the 


oy in both cases it will have the ‘tendency to expand; ‘if restrained from ex- tes 
"pansion ‘both materials will develop stresses similarly, the only differen If, 
2 ba in the : amount of expansion and in the value of the induced stresses. ho 
ma 
4 ll the discussers who stress" the importance of Poisson’s ratio and the hs 
of ‘the specific gravity requirements apparently overlook be 
the. importance of the proper -Tepresentation of ‘the foundations, abutments, th 
and joints in the model. Mr. even goes 80 far as to make the state 
that ‘the representation of joints in model is “undesirable and 
advocates" ‘the: building of models that intentionally violate. this similarity 
ogee 

condition. All of which brings: the entire problem back to ‘the fundamental 
Models.—There seems to be considerable difference in 

opinion as to the purpose structural models and what constitutes: an 


master -date engineering model. ‘It should be realized that present 
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knowledge i is limited and that in many structures a a wide discrepancy oes ula 


tions that were satisfactory i in the design of simple : structures. Consequently, — Be 
a rapid change i in th the conception o of the theory of stress i is currently taking: > 
place. > Many assumptions that wer “were considered axiomatic a. few ‘years ago 
are now not only challenged but often discarded. tom 
The major problem of modern engineering is to determine the correct 
design assumptions v which will suit the particular structure under ‘considera- 
tion. The next in importance is the selection of a proper ‘mathematical © 
treatment which will make it possible to evaluate the different phases of the: 
behavior of the structure. The limitations s of present mathematical knowl-— 
edge makes it it ; impossible to obtain a complete and exact solution of the 
‘differential equations set up by introducing the theory of stress. Con- 
“sequently, the strains, deflections, and stresses can be evaluated only 
approximately. discrepancy between the a actual and the theoretically 
determined behavior of a structure depends upon the correctness of the design 
assumptions and upon the approximations in the particula 
A correctly designed model has the important that it eliminates 
“the” approximations of mathematical methods and gives results that, 
depend only on the correctness of ‘the design assumptions, thus making pos 
sible an independent solution of the major engineering 
iB The uncertainties regarding some of the conditions of an arch dam, | and 
particularly with respect to the f foundation conditions, are used by Mr. Simonds | 
as an ‘argument a against the use of models and in favor of the arene hae: 


of a mathematical analysis as the basis of design. - It should be realized 


satically ‘structures, ‘the design of which i is assump- 


that the : same uncertainties that enter into ‘the design, the building, and the 


testing of a ‘amo odel, a also enter into the ‘mathematical an alysis’ of the polish! 
If, for instance, the actual ground conditions | are not known, some assump-- 
tions regarding ‘these conditions must be made and : applied equally to the 
mathematical analysis of the prototype and to 0 the building of the model. 
Any 1 reasonable design assumption « can be > represented i in an adequate model; 
but there is this. radical ‘difference between the mathematical analysis and 
the: model study : The uncertain assumptions upon which ‘the mathematical — 
analysis. is based will be imposed | upon the ‘ground assumptions which are 
used in the ‘mathematical analysis. ‘Due to the uncertainty of the ground 
‘tssumptions and of the mathematical method the final results will differ from 
actual conditions. — The ‘part of the discrepancy that is due to the uncertain 
ground assumptions m may | be ‘small v when compared with the part that is. due — 
to currently accepted mathematical methods. On the other hand, 

ame ground assumptions, if properly. incorporated in an otherwise correct 
“model, will ill be the only uncertainty, _ and the discrepancy between | the : — 


te of Engineering Models,” by A. V. Karpov, M. Am. 
eae Engineer, Novembe December 1934 
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of. ona the predicted behavior, based, on the "model 
study, will depend only upon the | correctness of the ground’ assumptions. 


. ; i It was not the intention of the writers even to suggest the ‘elimination 
| the mathematical analysis. — The results of proper model studies can, and 
should, be used to develop and check a reliable design theory. which 
__ be finally ‘incorporated ina mathematical ‘design method. The writers con- 

tend: that a mathematical theory which is checked L by an incorrectly designed 
cannot be considered as satisfactory; only a theory that can be checked 


i 
Fe By the use ‘of models’ there are two methods: of approach to the ual 
problem. The first method, often used in the ‘past, is to make a set of 
assumptions which may appear to be either more simple or. more reliable, 


a and thereby attempt to obtain, proof of the more ‘complicated or less reliable 
assumptions. In an arch dam investigation numerous assumptions of this 
type are possible. The mercury loaded plaster- -celite model of an arch dam 


is based on a. series of such assumptions, some of which are: (a) That the 


total stress can be determined from the summation of the dead load stres, 
‘determined without considering the hydrostatic pressure, and the live load rul 
stress, determined under zero weight conditions; (b) that the behavior of an bet 
arch dam ‘model with ont foundations and abutments i is similar to that of a Tey 


on a a model ‘with fonsilstion and abutments will ‘determine the pr 
ae condition of. a prototype built on flexible foundations and abutments; and ent 


that a dam having joints will behave similarly to. a dam is. built 

a monolithic structure. This method is a simple one. The assumptions da 
og om be chosen so that 1 no particular attention 1 need be ‘paid to uacasareind | bu 

“not ‘give any proof of the accuracy of the assumptions made; it aoe a8 

tutes one more or less. arbitrary set of assumptions for another. bteyo" cok SB us 
The second method is based on the omission of all arbitrary assumptions. da 


This is accomplished by the determination of the similarity eonditions | that Ser 


will” “establish natural re relation between the behavior. of the model and its th 
‘prototype. building a model that satisfies these ‘similarity conditions and in 
its testing, the actual behavior of the prototype. can be: determined and the da 


correctness of the design assumptions. can ‘be checked. A concise definition hs 


of such an -to- date engineering ‘model: is given by Mr. Arthur OC. be 


“The true criterion i is that it “must be possible to deduce the behavior of e 
io. the prototype, under.an arbitrary set of conditions, from the behavior of the * 


model. when ‘subjected a. similar "properly proportioned set 0 aff 


88D he Determination of Earthquake Stresses in Elastic Structures by Means of 
ee. Models,” by Arthur C. Ruge, Bulletin, © eee of America, Vol. 24, No. 3, 


conditions.” 
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V AND TEMPLIN ON MODEL OF OF CALDERWOOD D DAM 
Some of. ‘the dise 38 
sider the high value of | Poisson’ of the rubber- 
drawback of the water- loaded rubber- ‘itharge model. 


model ‘materials used i in ‘hes of models in. the 


“TABLE ‘WITH Respect TO Graviry 

ctual 


Comparing t the ‘Inercury- -loaded plaster- -celite model with the water-1 

mubber- litharge model, it should be realized that the comparison is to be made 


een: a model having only 2% of the required weight and without a a proper 
; representation of t the foundations, abutments, and joints, and a model having Fae 
100% of the required. weight and built of a ‘reasonably uniform material, with — 
properly represented foundations, abutments, and joints, but having a defici- 
‘Poisson’s ratio. The difference between these two kinds of models 


can be visualized clearly by comparing three dams of the ¢ same size—an actual © 


dam and two Imaginary dams. first: imaginary dam is assumed to be 


built as a ‘monolithic structure, on foundations and abutments that are very 


‘Many times as stiff as the actual foundations and abutments, and using a : 
material that has only 2% of the weight of the concrete of the actual dam. 


second imaginary dam is to be. built in ex exactly the same way 


as the actual dam, on the same fc foundations and between the s: same abutments, eo 


using pax “material that has: the same properties as the concrete of the actual 


bas bavuora ed ; ld 


‘The. behavior of the first imaginary dam would be radically different from 
that ‘the actual dam, a and it would be impossible to establish ‘ational 
inter-relation between the respective stresses and deflections of this imaginary 
dam and the actual dam, _ The behavior of. the second imaginary dam would 
be substantially the same as that of the actual dam, the only difference being 4 
due to the different Poisson ratios. Applying secondary | corrections, that, will 
be necessary to ac account for the “difference Poisson , ratios, it ald 
possible to compare directly the respective stresses" and strains _of the ‘secon 
comparing the plaster- -celite and -rubber-litharge models a number of 


‘Statements wi were made i in the discussion concerning» the uniformity of the . 
‘plaster celite the of There ar are no 
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It is known® that this ‘material is in so far 

as i its elastic properties are ‘eonéerned: ‘The; presence of moisture in the model 
material, or high humidity of the surrounding air may result in pronounced 


plastic instead of the presumed elastic properties. Such | qualities make the 
conditions uncertain. The statements regarding uniformity should be ‘sup 


ported by ‘results | of tests properly made under « conditions. and on specimens 
on would assure that the test results are representative in so far as the 


The rubber litharge ‘used i in 1 the Calderwood model was reasonably 1 uniform, 
n so far as statements concerning the non-uniformity of the rubber-litharge 
compound of the Boulder Dam model are concerned, it should be kept in 

ak 
‘mind that this compound requires special technique in testing because if 
tested by conventional methods it is quite probable that incorrect results will 
obtained.” ‘The maximum value ‘of Poisson’ ratio: of 0. 64, stated by 
Mr. ieinck, makes | the writers somewhat doubtful as to the reli: ability of the 


a model is that i it “measurements to be m ade on 


he up stream face” is incorrect. The possibility of using strain- gauges on the 
-% _ water-covered face of the model is merely an incidental advantage, but it can 


be termed the “chief advantage.” The chief advantage using the 


-rubber- litharge m material is that measurements made on a water- loaded model 
will enable the ) prediction of the behavior of the prototype with satisfactory 


ye accuracy. No such predictions are possible. where the measurements are made 


future models: it is very desirable to 1 use a material that has a low 

modulus of | ‘elasticity, a specific gravity of 2. 4, and a Poisson ratio between 


ag 0.15 and 0. 20.7 It would also be desirable to have a more uniform material, 


that is, with less than £15% variation in the modulus of elasticity. Such 


4 
refinements would improve future model work. 


_ One of the most significant features of the work done on Calderwood Dam 
ifs 


‘ea its model is the proof of the important influence that the behavior of 
eee ground and | abutments exerts on the behavior of an arch dam. _ An arch 


dam cannot be considered as an’ ‘isolated independent structure, but must 
be investigated 2 as an integral part of ‘the surrounding canyon. _ Considering 


fs the present status of the art, any model that neglects the proper ‘representa: ” 
foundation an and abutments cannot be considered as an up-to- -date 


Mr ‘Simonds number pertinent uestiona regarding th 
sentation of the foundations in the Calderwood model. It was stated in the 


paper ‘that, the investigation o: of the foundation conditions was necessarily 


back 


one of the objectives. In studying the Calderwood ‘model, the writers” had at 


“Materials: for Use Structural Engineering ‘Models, with Special Reference to 
Rubber Compounds,” by Vv. Karpov, M. Am. Hoe. B., Proceedings, Am. Soc. 
‘Testing Materials, Vol. 34° Pt. II, 1934. 


10 “Methods for Determining the Physical Wiles of Certain Rubber Compounds : at 
Low Stresses,” by R. L. Templin, M. Am. Soe. C. E., and R. G. Sturm, . Assoc. M. An. — 


Soc, c; E., Proceedings, = Soc. ‘for Testing Materials, Vol. 31 
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and abutm ments accordingly. such measurements were not 


ARPOV AND TEMPLIN ON MODEL a — DAM 
the measurements made on. the ‘and could adjust’ the 


available, or case of the building of a new model” on a founda- 
tion for which ‘sufficient information is not available, the writers” probably 
= _ would attempt to determine the behavior of the model in a number of stage, 
each of which would disclose the behavior of | the dam under different nett 
bility” conditions of the foundations. 


the: tests on the Calderwood model, it is that for any other ‘proto- 
: type, ‘model conditions could be « obtained that would closely ‘approximate the 


Professor Bergman discussion as to the possible difference between 
2: the stress in a beam having the same deflections, but different loadings, is 


perfectly “correct. However, under the conditions of a model having the proper 4 


specific gravity ratio, an additional condition must be introduced; that is, 
the impossibility of arbitrarily varying the loads. If f that i is: taken into consid- 


eration the conclusions based « on the example of the ac action of a a straight beam 

be quite different. tose oils eal Yo vont ont oils ¢ 


to Mr. Werner’ s inquiry ‘concerning the ‘temperature | control, 


or period of time suficiently Ling. te have ‘the temperature of 


ral 


room temperature and with 1 a considerably lower water temperature. It seems © 


uniformly high. | Next series: of tests should be run with lower 
that such a method of testing will result in a series of deflection and strain a 


‘readings that will correspond to different temperature conditions of the dam, 
water. The low thermal conductivity of the rubber- Titharge 


out the model quite is that of the prototype. obile 
far as Mr. Smith’s work is concerned, the writers again point: to 
danger of the indiscriminate use of models. To build a model of a material 
weighs only 42 lb per cu ft and, by applying external weights, nerease 
its total weight about forty-nine 1 times, or to about 2 050 Ib per cu ft, would 
seem to indicate a serious violation of fundamental similarity conditions. — At 
- ‘present, such models cannot be justified, because the procedure is contrary to 
Se ideas as regarding correct model design and particularly ‘since materials 
gf proper specific gravity for u use in water-loaded models are now readily 
UV) Results of Tests on and Other Models—tThe results of 
_ tests on the Calderwood model differ from expectations based on conventional — = 


design ideas and also from of tests 1 made o on models. 


These questions ‘eannot be ‘under conventional asouniy- 
tions; but if these assumptions are disregarded and if it is ; conceded that 


there is no straight- -line distribution stress and that the total stress is not 
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to the sum of the dead load and live load. separately, 
results of these ‘measurements are very logical. ft application of the 
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this, may be rather complicated on of the influ- 


The he present d design methods do not disclose such redistribution of stress; 
neither can a model in which the weight of. the material is ‘subdued, and the 
weight of the loading fluid considerably exaggerated, show the redistribution 
stress that will correspond. to the actual conditions in the prototype. 
_ Werner gives a convincing answer to the doubts raised with reference 
tot the possibility of having vertical tension stress on the down-stream face of at ‘: t 
the dam. . The instance of a cylindrical vessel cited in his discussion could as 
Mr. Simonds refers to ‘the measurements on the. “stream face 
ae model. It is only natural that there should be a difference in measured strains se y 

pins, of different lengths are used.” “Since the measurements should give 

the strains at the face of the possible p pins: should be ‘used. 

: a Indeed it may be advisable to substitute for the pins some device that would 4 a 
we, make it t possible to attach t the gauge points | directly to the surface « of the model, 4 i 
Jorgensen’s conclusion that the “vertical elements of the dam impose 
additional loads a on the upper arches and reduce the loads on the lower ‘arches 
ab is correct. In so far as the deviation of the principal stresses from the verti- Se 

~ eal- horizontal directions is concerned, Fig. 10 shows that such a deviation is “1 Ai 

much smaller than is usually assumed and is pronounced only near the abut- 

ments. For dams that do not have a considerable increase of thickness toward 

abutments, the deviation of the principal stresses from vertical: horizontal 

directions will be “still: less. Mr. J orgensen_ believes that. ‘the assumption 
-eustomarily’ made i in designs neglecting the effect of gravity—that the ye 
zontal arches slide frictionless between the adjoining arches—is on the side Es 1 

safety. The writers would like to state that in the design of a comiplicated 

‘structure the only safe procedure i is to base the design on correct assumptions 
to eliminate all incorrect assumptions. If in such designs incorrect 
assumptions are made, it impossile to foresee the complications that may + 
arise, and it is very unlikely that an incorrect assumption can be made which 

bring the design on the side of s afety. The effect of gravity ‘was neglected 
in the design of Calderwood Dam. This assumption, which was supposed to wi 4 
on the safe side, resulted in the increased of the dam toward the 

abutments in the lower elevations. 11 shows. clearly that th this stiffness 


is responsible for the increase of stress between Blocks ¢ 6 and 7 at Elev 


tion 860. Such increase of ‘stress, of course, cannot be considered as 


~ 


bats Simonds’ Equations and are correct only if the vertical ed 


horizontal. stresses are, at the same time, the principal stresses, If that is not 
the case, more complicated, expressions should dee 

Determination of Stresses from Strains on Three_ ntergecting Gage ines.” 
by ee R. Osgood and Rolland G. Sturm, Assoc. Members, Am. Soc. C. E., Research he 


» National Bureeu of Standards, Journet of Vol. 10, May, 
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Professor. Bergman ‘questions the method used to compare the stresses that 


The writers are very much impressed by | the two model tests described i in 
Mr. Smith’s discussion. First, a plaster- -celite ‘model of an arch dam 
was loaded with mercury. The defici iency in weight of that model was 98 per 


| The deflections of the crown cantilever were measured. Second, a 


but loading it by additional weights 


the original material. . This ‘model was not with mercury, ty 
using a wire pulley and weight arrangement, so as to have the load correspond - 
to the mercury, load that was carried by the cantilever. These loads 


+ 


evaluated by the trial- load method. The cantilever deflections in both cases 


"were | found to be practically the same. ' To the writers the procedure seems — 


wholly inadequate and was” ~made necessary on account. the 


Nevertheless, Mr. Smith arrives at the conclusion thatthe trial: load method 

is correct and that the weight of the model ‘material is of no importance. 
: Actually, the deflections of the cantilever depend -on- the ground conditions 
< and on the weight of the material of the dam. st There | does not seem to be any | 


Y rational inter- relation between ‘the two models’ and between these models and 
(Vv) ‘Methods and 1 Theories—The ‘different methods used in the 
of arch dams” are summarized ‘in paper by one of the writers.“ 
; Typical cross- sections are -given® of a number of dams designed by the two 
design methods that are most ‘used at present. One design ‘neglects the gravity. 


and the other uses the trial- load method in which an | attempt is. made 


* The measurements made o on Calderwood Dam and the model work described 


eurrent point of view such a method cannot be e considered sath 
_ factory. The -trial- load method represents some improvement. ‘However, 
this method i is far from being satisfactory or even onably approaching a a 


method that should find general recognition. 


rf 

A tendency seems to be developing i in arch. dam design to consider ev 

&§ _ thing highly satisfactory and to disregard any evidence to the contrary. — The 3 
_ supporters of the trial- load | method seem to be going very far in that lige ge 


t may be of interest to survey the present conditions, _ More or less satis- 
factory measurements were made on two commercial dams: : Calderw ood a 


= 


made, and ‘Ariel. Dam, which de deflection. -measurements 


Compensated Arch Dam,” by A Kar OV Soc na, 
‘Am. Soc, C: B., Vol. 98 (1983), p. 1309. Tranea 


Loe. cit., , Figs. 1 and 2, pp. 1310-1811. 
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i 
stress were omitted, the Gibson Dam preparation for 


made on Calderwood Dam could not 
by the use of the “trial- load” method. Ariel Dam was designed 


by the use of the trial-load method and the deflection - measurements disclosed 


ar rather startling difference in the evaluated and measured deflections. 


The only tests by which the trial- load method could be verified are 
model tests made on mercury- ‘loaded ‘models on which the specific. gravity 

: requirement was grossly 1 violated and on which neither the foundation and 


conditions the joint conditions were: properly represented. 
Under such conditions it seems that the statements 50 often made ‘in recent | 
that the designs of arch dams” are based on proven test data, are over- 


high arch dams is not obtained on account of sufficient ‘engineering | knowl 
‘ing knowledge 
makes it necessary to use in | pa dams a much larger amount of material— 


distributed—than would be mmecessary if the design could 
based on proved assumptions. In that res 


“In the latest. designs, and in particular in the trial- load designs, ‘vertical 


tension’ stress that could produce -eracks or joint openings» of character 
ae . "presumably ¢ are absent; consequently, the tendency i is to attribute such cracks 


faulty construction methods, contraction. of the concrete, ete. In fact, such 


its 4 
= methods or by shrinking « concrete, may be ‘caused by 1 high vertical tension 


stress at both the up-stream and the down- -stream face o the dam. 


stresses cannot be evaluated by 1 using one of the pemeentiann} design methods; 
can they be disclosed on mereury-loaded 


The proper design. of an arch dam give to the follow- 
ing items: (1) of foundations a1 


tribution of stress; 


These’ items can be: inve 


requirements are satisfied. 2 A low value of Poisson’s ratio would make ¢ a more 
satisfactory model, b but even when using. a 


ratio satisfactory conclusions can be drawn 


The: mercury-loaded plaster- eclite: model does: not possible the proper 
investigation of any of these most important requirements and, consequen 


no satisfactory design theory can be developed from studies on such models. | 


“Actual Deflections and Temperatures in a Trial-Load Arch Dam,” by A. T. Larned 
and W. S. Merrill, Members, Mg Soc. C. E.; Discussion by A. V. Karpov and R. L. 
Templin, Memb rs, Am. Soc, Transactions, Am. Soe. C Vol. p. 9 
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KARPOV AND" TEMPLIN ON MODEL OF CALDERWOOD DAM 


Conclusion.—In conclusion, the: writers: would like to emphasize a ; few 
points which often seem to be neglected, but which a are of impor- 
tance in the model of ‘structural problems. experience 


=" be realized that new conceptions in physical and chemical 
4 sciences necessarily involve eng engineering. Designers of important structure: 


should take cognizance of the fact th that the conventional stress theories do not 


epresent the actual conditions, and that, in the building up ¢ of the new 


i= theories, ‘many ing the fact tint must be revised and many rejected, 


load introduces stresses that ‘result in strains, deforsiations, and 
The value of the actual stress can be determined accurately if very refined — 
2 design methods, based on proper assumptions, are utilized. — Very often, due 
mostly to lack of knowledge, less refined design methods combined with 
oo. assumptions are used. Then the actual stresses, at least in some parts _ 
the structure, will be higher than the evaluated stresses; and: stress 


trations: that: were not foreseen in the design, will occur. bas four 


Comparing two similarly designed structures of a different degree 0 of fest 
t 


Mts, the ‘stress concentrations a more flexible structure will be. no 


may be higher i some parts, ‘of ¢ a structure in n which 1 ‘more is 


obviously should used in which the stresses are inereased on ‘account 
of the use e of an increased amount material. 


valuable of engineering tools and permits the correct solution, among others, ae 
2. the most complicated structural problems; but models are not miraculous 26) 5 ue 4 


tools, and valuable results are obtainable only if theoretically correct models" “i 


—In any model study it is necessary to approach the problem without 
aa ideas to be proved or - confirmed. e Only a model which i is given ee 


fair chance to act naturally and in a manner similar to | the prototype will 7 
give reliable results. Models. that. are forced to act in a certain way dis 


£ similar ¢ to the action of the prototype, in nearly all cases will be ara 
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ssign methods do not disclose the 
_2.—The present design met No matter how massive or stiff an eng 
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M. Bewano, M. Am. Soo. C. E. (by letter Since April, 1934, 


fall, run- -off, and inter- large part of his has been 
ow _ devoted to the application of the unit- -hydrograph method to run-off resulting _ 
from storms of high magnitude. Underlying principles and 1 methods have — 
been studied by other members: of the group, outlined in the discussion 
id of Messrs. Host, Harrold, and ‘Snyder. In the preparation of his closing dis- ‘ae 
— eussion, the writer has drawn on his own additional Sees as well as on 

the ideas and studies of his associates. bon mat dass 
. The simplified form of Equation (1), ‘suggested by Mr. Jarvis in ‘some 
tion 6), should | be aceceptable, i in general, particularly i in cases 1 where channel x 
characteristics are “not known. The factor, U, is purely an abstract one, 
having its principal: use in the construction of regional charts, as shown in 


tat _ The suggestion that the pluviagraph | be used as a a guide to the shape of the 


hydrograph has possibilities. Recent studies indicate that, where only definite 


flood hydrographs are considered, the ratio, for any basin 

han 


; follows a a rather well- defined trend throughout the seasons. Such a tren 
curve can be developed from a comparatively short record of flow, and ‘ould 


he. a mote: ‘dependable guide to run- -off coefficients for a particular locality 


within ‘the Mississippi Basin ‘than the range ot from 14 to stgizested 

4 iil Norr.—The | paper by Merrill M. Bernard, M. Am. Soc. ron EB. was published in Jan- 
- uary, 1934, Proceedings. Discussion in this paper has appeared. in Proceedings, as. fol- . 
lows: ~ March, 1934, by C. S. Jarvis, M. Am. Soc. C. E.; April. 1934, by LeRoy K. 

: Sherman, M. Am. Soe. C. B.; May, 1934, by W. W. Horner, M. Am. Soe. C. E. ; September, z 
1934. by Messrs. C. H Hiffert and Charies S. Bennett ; November. 1934. by yD, Gregory — 
and C, EB. Arnold, Assoc. M. Am. Soe. C. E.: and January, eee, by Messrs. — R. 

Williams, and W. Hoyt. L. L. Harrold, and F. Snyder. 


Cons. Civ. Engr., Crowley, La. 


3 


— 
— 
— 
— 
— 
t 
4 
— 
— 
b 
| t 
— 
— 
— 
0 
t 
— 


BER APPROACH DETERMINATE STREAM FLOW 


{0 Particularly does he ‘him with’ Mr. Horton 
in the belief that infiltration loss be considered as a 


average: ‘gradually decreasing in deductions throughout 


¢ be converted directly into the stream hydrograph with the use of the distribu- 
tion graph. For storm periods consisting of two or three days of appreciable _ 
rainfall , preceded by ‘several days of light rainfall, all such light rainfall, — 


together with the greater part of the first day of heavy rainfall, may have 


= Seer been consumed by infiltration, whereas the following days: of heavy rainfall 


2 largely account for the resulting ‘stream flow. “Iti is also believed that the rain- 
fall- l-recording interval of 24 hr | obscures" comparatively long periods be between 
rainfalls’ which have been recorded as continuous, making the practical 
im correlation of a daily infiltration deduction with antecedent conditions di difficult. a ‘ 


:2 Ey The phenomenon of infiltration, which is the principal loss to rainfall, 


Dr 


rs is 80 ‘unlike that of surface run- -off, that the two should not be directly com 
a: bined to give the total loss, Infiltration activity i is more e logically associated - 


accomplished within the duration of rainfall whereas run-off, very 
shortly after it is created, is to be associated with surface and channel stor- 
age, and stream flow. ‘In the case of a unit-time rainfall, producing a unit | 
_ hydrograph, surface run- -off has reached the stream system within that period, 

‘a great extent, thus becoming identified with storage. 
of dh losses" as channel seepage and ‘surface evaporation, —with- 


from the basin, as measured stream flow, , constitute = 


Inflow O it fl + Outflow 


It would seem, then, that + to preserve the ee of the unit- thydrograph — 
theory, the w throughout the run-off period 


Yainfall minus a lost through infiltration. Pes 


a “The pluviagraph i is the _hydrograph of 100% ‘Tun- -off ; but it is not the 
graph of : run- -off plus infiltration in ‘that such a ddinition, would imply the 
2 distribution of infiltration loss throughout the period of run-off in proportion — 
_ to run-off. The writer has found the pluviagraph useful ¢ as a limiting oe! a 
nveloping hydrograph ‘from which the hydrograph of a particular flood result- ti t 

: ing from a continuous storm period can be reproduced by the application of | ae 
wo ‘related ts. First, it must ‘be recognized that the pluviagraph 
of a unit-time rainfall is nothing more than the mechanical distribution of 
such rainfall throughout the period of surface run-off in proportions pong by 

the distribution graph, establishing the ‘proportionality between the o 

of the pluviagraph and those of the unit  hydrograph. The 
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ON APPROACH TO _DETERMINATE Discussions A ril 


making the plot | of ‘distributed rainfall (pluvisgraph) and stream 


to the of rainfall ‘ane same, in effect, as the 


oe of the rainfall excess which remains after the deduction of infiltra- + 
tion from the day’s rainfall, and which will 


The relation of the factors involved i in the of the unit graph 

TABLE 11 —Renation Between lin or U pairs 


P | AND DisTRIBUTION Grarn, SusqueHANNa River, AT -'Towanpa, Pa. 


and October, | rainfall, Observed Estimated From (percent- In eubiec 
in n inches stream | bose flow, ages) In inches feet per | =P 
fics (2) | | © | ® | qi 
45 300 | 2500 | 42800; 14.0 0.527 | 110 200 0.386 
110 000 | 3 500 | 106 500| 34.9 | 1.315 | 275 000| 0.386 
81 200| 4500 | 76700) 25.1 | 0.946 | 197 800| 0.386 
61200} 6000 | 45200} 14:8 | 0.557 | 116 500| 0:38 
| 26 400} 7500 | 18900); 6.3 | 0.241 | 50 200 
17 100| 8500 | 8600} 2.9 | 0.108 | 22600] 0.386 © 
13 500} 9000 | 4500} 1.5 | 0.057 | 11900] 0.38 
9200 | 1400} 0:5 | 0.019 | 3970| 0.386 
Ininches | feet per In inches feet per | feet per 
) 


| a) | 


i 14 500 | — 18 900 18 900 

isd, Od | 58900 |— 8600; 8s600 


the 2 effect of a completely is isolated storm of September | 29 and 30, 1924, on the Pi 


- Susquehanna River Basin a above Towanda, Pa. This. storm, although recorded _ 


2 days, is believed to have been confined to a continuous period approxi- 
a = mating 24 hr. The factors of this unit hydrograph : are shown in relationship _ ae 
Fig. 14, together with the cumulative curves of rainfall nfiltration, run- 

= 


less accuracy, but within practical limits, the pluviagraph of a 


-tiple-day s storm may be ‘Te to the approximate fi 
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“Apri il, 1985 BERNARD ON ‘APPROACH TO DETERMINATE STREAM Flow 
of a compound as. s demonstrated with the typical 


cumulative plot of the against that of surface -off takes a 


Rainf ul Excess 


| 


Flow in Thousands of Cubic Feet per Se 


2 5 


Jt, in (percent- | oullis Observed Estimated| 
‘inches In inches base flow, surfase 

ert 


16 | 0. x 
0.28 
65 
0. 65 


if 
=. 
_ inflow 
— 
| 
— 
| tim 
q 
May, 1919 
4 6000 
6900 
1700 
| 


AS 4 


the rate of loss through infiltration, which is to be 


cted. The a accuracy with which these results ca n be obtained will depend 

~ largely « on. how near the prevailing rainfall, surface, and ground-¥ -water condi- 
4 


ib tions are to > those represented by the average distribution graph h used. 


2 The writer made no ) attempt - to correlate a ‘run-off coefficient, or deductive 


infiltration factor with antecedent conditions, except t to comment on the appar- | 
ent. seasonal tre: nd in the value of his “retention coefficient,” which he now 
“more properly to as a “flood coefficient. Subsequent experience dis- 


-courages the hope that such correlations are simple, The method of estimating 
daily, rainfall ¢ excess on a percentage basis, proposed by Mr. Sherman* in 


Mr. ~ is in his criticism of the ‘graphs in “Fig. 5. 
‘These might be regarded as “possibility” r or “limiting” graphs, accepting 


the assumption that. it is physically possible for a flood coefficient ‘equal to” 


unity and the 100- -yr storm to occur in the same season. _ More recent studies 
inw which ‘the unit: hydrograph method has been applied to limiting storms 


As stated 1 by Messrs. | Eiffert and Bennett, time should not be lost i in improv- 
: ing, i in several ways, methods of gathering and recording climatological and 
hydrological data by the various governmental agencies. _ This is is no criticism 
of the bureaus themselves, for they h have ‘ “spread” their appropriations s remark- 


ably well, but rather is it a challenge to all ent engineers to. co-operate 


ore fully i in t the improvement of this service, 


— 


aE The discussion of Messrs. Gregory and Arnold, ‘the we believes, fails 
— to make its point and does not ‘disprove the theory of the 1 unit hydrograph | 
by proving ‘that 1 rainfall, run- “off, and ‘stream flow relate themselves i in another 
‘caeatee In the first place they have deviated from the principle of the unit- 
 hydrograph method in developing their distribution graph from the 3-day 
storm of Case thereby assuming time unit of 3 days, after which they 
apply the e resulting distribution graph to 1- -day storms. ar Although the use of a 
- distribution graph developed from their 1- day storm would not have brought 
the two methods into accord, the absence of any mention of this deviation 
from the principle of the unit hydrograph would confuse reader hopelessly 
10, not being particularly conversant with the unit- hydrograph theory, would 


attempt t to > associate the <a by Messrs. Gregory and A 


in Thousands 
Second 


_of Cubic Feet per 


Daily Discharge 


5 


Weds have wt been found in Nature. Iti is possible that their assumptions, among 
ae which are uniform rainfall intensity over a 3-day period, no losses to run-off, 
and no sustained or base flow, at may ‘contribute to the abnormal results 

A recent in which the writer has been has die 
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“Streamflow from Rainfall by Unit Geaph Method,” by LeRoy K. ‘Sherman, M. Am. 


500 to 60 000 sq miles. The one ‘nearest in size to the hypothetical probl em 
| given by Messrs. Gregory and Arnold ‘(the Red River, at Denison, Tex., of ~ 
| 38 000 sq miles) is selected for the purpose of making the comparison between 
the natural ‘phenomenon and that visualized by these discussers, ron) 
‘fas They have presented four conditions of rainfall: Case ty a heavy ‘rainfall = 
for a duration of 3 days; Case 2, a light rainfall for a duration of 3 days; — 
Case 3, a heavy rainfall for a duration of 1 day; and Case 4, a light rainfall - 
for a duration of 1 day. From their analysis the conclusion is reached that _ 
‘the | base of ‘the unit hydrograph and the position of its peak will vary between 
wide limits, caused principally by the great variation through which average 
velocity passes in going from low to fi flood stage. The following list gives their “a 
results in terms of “lag” (this term being defined as the time interval 4 ag 
the center of mass of of rainfall and the peak of of the flood): oo. 


Under natural condition 8 it ‘it is found that the lag « and hydrograph |] = 4 


-day_ storm periods are ‘approximately ‘the same ‘regardless of rainfall 


2 "continuous ‘rainfall the lag pot change, 


Second 
8 


_of Cubic Feet per 
Rainfall in Inches 


i 
& 
£ 
2 
2 


14 16 12 14415 16 17° 18 12 13 14 15 16 17 19 


AND Fivse-Day STORM RIVER, AT DENISON, Tex, 


"regardless of intensity or deviations from the average. Fig. 15 shows, for re a 


same basin, the lag of 3 days for rainfalls of various | intensities for dura- 


18. —Rewation Between Intensity anp Lac 
Rain- | tee 
in 


D January 4, 1932,.| 1.50 | January 7. 
December 13..| April 18, 1932...) 0.48 | April 20 and| 
March 25.....| August 31 and) 
March 3 September 5.. 
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APPROACH DETERMINATE S STREAM FI Discusion 


Comparable results obtained by W. W. Horner, M. Am. Soc. C. and 
F, LE Flynt, Assoc. M. Am. Soe. C. E.,* also substantiate the unit-hydrograph 
2. theory and disprove the contentions of Messrs Gregory and Arnold, 


Me Williams directs, attention to the use of the unit- -hydrograph method 


unit hydrographs (preferably less than three) "necessary to the 
a development of the distribution graph for the basin and a sufficient number 
of well-defined flood periods to indicate the probable limiting value of the 
Se flood coefficient. With the distribution graph and the limiting coefficient at 
hand, outstanding storms that have visited the region may be superimposed 
upon the basin in a critical position and the resulting flood hydrograph 


_ The studies of ‘the unit- hydrograph method, referred to in the discussion 


of Messrs. Hoyt, Harrold, and Snyder, have contributed to ‘the further 
4 development. and r efinement of the metho d. ‘They have greatly improved the 


a technique « of constructing the ‘distribution graph and have shown that ‘seasonal 
changes in ground- water flow ‘may seriously affect results, in many cases, 

eo conclusion the expresses the hope that his paper, together with 


the discussions, is a step in the approach to a fuller and more rational con- 


ception of the relation of rainfall to run-off and stream flow. _ The unit” 
hydrograph, as now understood, relates exclusively to surface run-off, a point 


be kept in mind in any application of the method to hydraulic: problems. 
The writer ‘admits readily that | such devices as the distribution graph, the 


-pluviagraph, and the flood coefficient: are not scientifically precise in all respects... 


_ They are tools of practical value, however, the complete explanation of sane 


— 


x 
d 


various fumetions being bound up in the further development of the 


“Relation between Rainfall and Run 
Am. Soc. C. E., October, 1934, p. 1135. 
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So *—For the many stimu-— 


grateful. er is glad that paper has been the means of evoking 
60 valuable : a symposium, enriching the science and art of suspension bridge ; 


design. wy The individual discussions are. here reviewed in the order of ‘er 


. Pavl lo presents | in convenient orm, separate expressions representing 
he contribution of the tower moments. The addition of these expressions 


to. the respective formulas of the ‘deflection theory for the. two- -hinged truss 


¥ ields the more complete formulas for the. continuous stiffening truss presented 
by the writer. This is the reverse of the writer’s 


The writer's met 


inertia: of the continuous truss in any span is that of simply multiplying 


pte procedure is the most practical method and is ‘sufficiently ‘accurate. 
Computation of equivalent moments of inertia by comparing 
truss deflections, recommended by Mr. yields widely: discrepant 


Tesults for some cases” of loading; “moreover, the results cannot be accepted 
as 


variable suspender loads and of the dead load on the truss Ss, * 
___ Notgs.—The paper by D. B. Steinman, M. Am. Soc. C. E., was published in March, 
1934, Proceedings. Discussion on this paper has appeared in. Proceedings as follows: 
fay, 1934, by Pavlo, Esq.; August, 1934, by Messrs. Jonathan Jones, A. Mallenhof, 
“Cecil Booth, Jacob Feld, and Glenn B, Woodruff, Howard C. Wood. 
Es Tudor ; September, 1934, by Messrs. L. J. Mensch, A. A. Eremin, ; 
Frankland, Gustav Lindenthal, Julian W. Shields, A. and J. 
Frankland; November, 1934, by Messrs. Fredrik Vogt, Leon 8. Moisseiff, and A. 
itchell and G. T. Parkin ; December, 1934, by Messrs. Sterling Johnston, Harold EB. 
Wessman, and C. H. Gronquist ; and January, 1935, by Messrs. W. R. Frederick, SP and 
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Ma 
YMAN ON “DEFLECTION 


scientific measure of rigidity of suspension bridge spans 
4 


lacking _ The writer agrees with Mr. Jo ones that change of gradient i is a better ‘a 
criterion: of comparative designs | mere comparison of 


obvio ous reasons | of conven 


“examples of this paper, are, recorded i in Table § 9. For the two designs of pone 

economy, this table shows that the continuous truss is care rigid than the 
two- hinged type by 40% the 1 _main span and by 10% in the side spans. 
i If only increase in gradient is considered, the rigidity advantages are 6% in 


a the main span and 36% in the side’ spans. claim of 6% superior rigidity 


made i in the original paper, therefore, was, conservative, sper 


abi For Design II, representing ‘ ‘equal r rigidity” by the method of average — 

deflections, the tabulated values of maximum: grade changes show that‘ the 


ontinuous truss is more rigid. than the two-hinged type by by 81%, in the main 


span and by 0% in the side spans. If only increase in _ gradient i is considered, — 
t 


ey the rigidity is found to be 1% less for the continuous type in the ‘main and 


« 24% greater in the side spans. ‘Hence Design 2 which was found to be 5% 
.5 


more economical than the two- -hinged design, is also from — - 1% to 31% more 


© iv fart Vb tle 
Fy: rigid in the main n span, and from | 0% to 24% more re rigid in the side spans. 
a: Calling it a design of “equal rigidity” erred on the conservative side. 
If j the average of maximum increase and maximum decrease of gradients 


for each | ‘span is ube.” ‘the hingeless truss shows: 23% superior ‘rigidity 
nd 22%. superior rigidity in side spans for’ Design” I with 


economy; ‘and Design II, with 5% superior economy, shows 16% 


the main and superior rigidity i In the side com- 

FES 
ges of 


+9 


the numerical percentage in this combined advantages: 


Spans: of ‘the | continuous “truss, as “compared the truss, 


defléctions as compu: rains 


Professor Miillenhoff the origin of the deflection theory” for sus: 


‘pension bridges to ‘Miiller- Breslau shed 1881, seven. years 


4 


m- 


— 
eS \ience, familiarity, and expedition, erred on the side m ™ 
F under-statement of the advantages of the continuous type 
— 
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é 
4 
Grade Change from Temperature Alone: 
open. 
q 
oh possibility of establishing coefficients for reducing the ‘values of H and M 


given by the elastic theory i in order to obtain preliminary design values cor- 


responding to the ‘deflection ‘theory. For M and Vi in ‘two- -hinged stiffening 
trusses, this has. already been done. Similarly, reduction 
“be evaluated empirically and recorded for continuous ‘suspension bridges, if 
such procedure is deemed desirable. at 


To expedite the application of the deflection theory, pera giving stresses 
nd deflections : for spans various lengths and constants have been 


As: a the numerical of the 7 

eneralized. deflection theory, ‘particularly for suspension 


‘the writer submits Table 10, of the ak 


38 —., al, and —bl aoe ree of cl increasing from 0.1 to 10.0. Most of these 


constants (with or without the factor, occur _Tepeatedly in the working: 
OL 
formulas of the paper, and Table 10 expedites their evaluation. The numerical 


values in Table 10 will facilitate the sett ng up of approximate empirical: 


‘relations. 
on The funetion, 8 , in Column ( (5) Table 10, offers interesting possibilities — 
asa reduction factor for obtaining, deflection theory. moments and deflections 


from values given by the elastic theory. Let M and M, denote mid-span 
bending moments ‘for full- “span Gin span), computed by the 


“Suspension Bridges,” by D, B. Steinman, M. 
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Similarly, Equations (88). yield the following convenient for 


mid-span. deflections under full- span loading (in any s span) : 


ol 


and are exact for n non- spans and: closely 


= for continuous ‘spans. The reduction Sector, is conveni-— 


— 


for varying values of by 10. The following 


“convenient: 

Hence, (121) and (122) may be written approximately : 


— 0.1).. 


for suspension bridges of spans and for different 
classes of traffic. Mr. J. ohnston. makes a valuable pioneer contribution of such 
a specification for span rigidity. Fo or some time the writer has been engaged — 


a study of this problem, not only the of a 


or suspension bridass of various types and spans 


and the on “theoretical stresses is to be 


Referring to ‘the excellent, discussion by Messrs. Woodruff, Wood and 


Tudor, the writer ‘appreciates - their clear and amplifying ‘endorsement of the 


advantages claimed for the continuous type of “suspension | bridge» well as 


their presentation and analysis o of the problem of multiple spans. Nx 
es In their reference to the modified Dana method, which was used in the 
te greliminsry phase of the multiple-span studies for the San Francisco- Oakland 
state that “it has been found by comparison ‘with m nodel 
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for ‘their solution, and he suggests a possibility of similar simplifica- 


alt 


iscussions 
to ; more. acourate values for deflections than those obtained by the 
deflection t theory.’. The error in { the latter r theory i is doubtless due largely to 
i ~ the ; neglect of the change in in ‘span lengths.” i _ This defect may have been true 


the deflection theory as previously available; but. in the formulas of the 


"generalized deflection theory as presented in the paper for multiple-span_ 


At “suspension bridges, full consideration i is given to the changes i in oan lengths. | 
Dorse In the final design formulas presented by the discussers, Equation am 
for” the main cable. is, they state, ‘identical with writer "3 Equa- 


= 


‘tion (47) w ith the terms transposed ; and ‘Equation (63) for the tie ‘cable 
can be shown to be effectively identical with Equation (46), which the writer” 


has reduced from the. more exact mathematical relationship to more compact, 
form with certain simplifying approximations, after having verified 


‘After : setting up these two essential corresponding to Equation 
(46) and (47) of the paper, the discussers present an attractive semi- graphical - 

method for recording and applying the resulting numerical values, In either 
_ the graphic « or analytical | procedures, a method of “cut and try” or successive ; 


approximation, Tmust be cused in satisfying the governing relationship « of Equa- : 
(48a). The graphic ‘method has the advantage of facilitating visual 
inspection and interpolation of results in the various intermediate steps. 3 The 


eee presented the analysis in the form of compact ‘summation equations 


| 


¥E 


i 


“RS >) Mr. Mensch cites precedents in other f fields of structural analysis pee 
problems “have been simplified so that differential equations are ‘not 


tion of the suspension ‘bridge theory. Opinions may differ, however, on the 


re. In the derivations of the paper, the application — 


of dierent equations is negligible, and the resulting working formulas” 


pshere: been reduced to a form 3 requiring not even a knowle dge o of the calculus” 

for their application. In the solution of problems of structural analysis, 
“the first essential step is, with the use of suitable mathematical t tools, to estab- 5 
correct equations for the unknowns sought ; then | comes the simplification 
of these formulas to compact, workable form for practical application; 3 ; and, 


there follows the: ‘development of tables or charts: computed from 


Mensch ‘bear ‘Tittle or 0 


_ Rate simplifieation of and formulas of ‘the deflee 


“By G., and G;, applicable to a | variety of loading cases. > These are of interest, 


hough they would generally be less convenient in practical application then 2 


ag the reduced formulas given in the paper for the ‘specific loading cases. The 
demonstration by Mr. ‘Eremin that the effect of suspender elongation may | be 
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SON BRIDGES 


ch contributes an of the writer’s results” 
and particularly in reference to the claims of superior, efficiency 
for the continuous type « of suspension bridge, and he extends the indication of 
uperior advantage to a range of greater span lengths | than was. anticipated 
by the writer. Dr. Bleich correctly points out that the comparison of quarter-_ 
_ betah deflections in the main sp: span is a better criterion of comparative rigidity — 
of two designs than a comparison of mid- -span deflections. On this basis 
ie finds, for a span- -length. of +1575 ft, that the continuous design is 17% more 
F rigid: than the two- “hinged design of the same economy; the comparison of side 
span deflections in the same study shows 20% advantage in rigidity for the 
continuous design. For two designs of equal depth and rigidity at this span bhi 
Cpa Dr. Bleich finds for the | continuous design an economic advantage of : 
18% by comparison of moment graphs and 33% by comparison of assume 
inertia. This apparent economic advantage, however, vanishes 
if the two designs under comparison are adjusted to different halo 
to balance the relative values of I and M. a ‘This explains the anomalous show- 
ing of greater economic advantage at a span length of 1575 ft than was ‘found 
the w writer. at a span length of 800 The writer does not advocate 
_ tinuous is construction for highway suspension, bridges exceeding 1 000-ft main 
pan, but. a longer span may be the economic limit for continuity in /suspen-— 
Various possibilities, hitherto unrealized, of advantage economy for 


Mr. -Lindenthal contributes an interesting and valued discussion relating 


ann 


to the development of suspension bridge ‘theory: and practice. He 


re “the: short- -span and -multiple- -span field, suspension ‘construction’ ‘should ‘find 
ot i In this petal 1 it may be noted that, as pointed ou 
Mr.  Lindenthal, there are ¢ conditions u under which multiple- span n suspension 
bridges can be used “economically and “effectively without the ‘provision of 
as 

4 


a of the x paper ¢ are re completely justified, since the 1 stiffening truss of a | suspension 
;: bridge is only a secondary member, on which the safety of the structure is no 


‘dependent. He states: “Nothing serious can happen toa suspension bridge 
as long as the ‘anchorage, towers, and cables are sound.” This; important and 


4 governing fact should be kept in mind in discussing ony. further refinements 
in stiffening truss analysis. atta garibet pad 


Confirming and extending the writer's. conclusions, Mr. Shields. present 
the results of the application of the generalized deflection theory to a 


Pension design of 400-ft The st superior economy of the « continuous 


400 ft. ‘The of increased economy for shorter spans was 


mentioned also | by’ Messrs. Pavlo and F. H. Frankland, dei demonstrates that 
the continuous type of stiffening truss with the improved analytical theory 


a 


will increase the. importance of the ion bridge. in the short: 
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SUSPENSION BRIDGES D jiacussions 


3 the comparisons were made on the basis of equal deflection ‘gradients 
of ‘merely equating ‘mid-span ‘deflections, the hingeless type would ; 


show still greater economic advantage." The discussion of Dr. Bleich covering 
he obtained for a suspension design of 1 575-ft main 


~ 


together serve to extend the range it generalize the practical ‘applinsion and ¥ 


was anticipated, Mr. Shields finds that the shortness: of intr 


la as advocated by Mr. Fischer, has previously 
in ‘the - work of other writers. The basis of a choice between the two 


forms will generally that of personal preference. writer has found, 


and comparison, that the exponential form with the introduction 


sections of the formulas where the d-function has not 


Bese n an attem o of er a sim ified proce uré, Mr. ischer applies the 
tte npt te ‘offer mplif edure, Mr. Fisch pplies th 

principle that the point of maximum nding moment for a fixed 


rate loading of length, k, is defined by writing the expression for shear equal to ty 
kero. In the notation of the paper, using Equation (10), this value of z for a ¢ 


given value of k is simply given by the formula, 


which should b be compared. for brevity with Mr. Fischer’s Equation (82), 


Unfortunately, however, this proposed short- cut, eliminating the use of 
load lengths, does not yield the results ‘sought. ‘The problem is not to 


loading the maximum bending m moment ata a given point of the 


span and then to find the resulting value of this maximum bending moment. _ A 
Ra! general, the ‘maximum bending moment thus obtained for a | given sec-_ 


‘will be greater than the ‘more restricted value yielded by ‘Mr. Fischers 
procedure ; the t two values will : agree at or near the ‘points of 


selected by Mr. Fischer for his numerical ilustration, If a bending moment 


curve is drawn fo for a given | load length, some point on this moment 
‘other’ ‘than the maximum may be a ‘governing design value; the. envelope: of such 
- moment curves for various values. of & will be the curve of maximum bend- ek 


moments used in design. ‘Instead of this comprehensive and lengthy pro- 


se connection with ‘Table 10, for of d 
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should prove | useful. n ‘adequate: table of hyperbolic functions is no 

available. Ordinarily, | linear interpolation between the tabulated values of el 
should suffice, and closer ree should be necessary only for the lower 


x rankland’s suggested correction. (208)) of the 
term in Equation (22) is also welcome. — This" correction, writing Lm: ‘total 


1 ‘distance between anchorages, in place of Lt, i in all formulas for suspension — 
negligibly the results, accepted as an 


Me 


> “verified, and by ‘temperature terms for towers 
and suspenders in the formula for the internal work, Ws, preceding Equa- A 
substitution reduction then yields L instead of Le in 


Equation nd all subsequent formulas. tion eu 


pees into account differences of elevation of steel tower bases and anchorage _ ; 
of cables, but such further correction ‘is negligible. ot Bear bleow. 


: 
_ Professor refers to ‘the influence line ‘solution ‘proposed by the late 


corresponding $0: maximu 


ihinimum of +H in order to account f¢ for 
x 


ee On the assumption that there will not. be an excessive apreedl between the 


"influence lines | thus | plotted for ‘the two values. of ¢ *, the approximate 
— length for maximum moment | or shear can be sealed, the value of H for this — 
Pager can | be found | by interpolation from the two influence lines for H, as 
> and the final load length and moment or shear can then likewise. be found by 
4 interpolation between the two influence lines for M or V. If the final values 


i of H and M or V are computed by the formulas for. distributed loading, it 

should be necessary t o obtain the influence line ordinates only near the 

This method of Professor Rode i is not, strictly speaking, an ‘influence line 


solution; but, if it is not too lengthy or inaccurate, it may have an advant: 


& some Instances, « “over generally practical | solution by trial. 
any rate, this ‘suggested influence- line procedure holds some possibilities for — > 


development. The values of H and M or for the unit loads would 
computed from the general formulas of the deflection theory con 


wen AN ON DEFLECTION THEORY FOR SUSPENSION BRIDGES 

| 
— 
il 
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Doar underlies the H-formulas of the paper. It is re-assuring to know that x: 
this important equation is accurate despite the several assumptions involved a coe 
ibe formulas Tor the previously peclected clect of Chance 
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_fengths for maximum moments or shears, the values’ of influence ordinates 
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“ton and tower ‘shortening will not serve to increase tower 1 moments all 


= stated elsewhere, the effect upon LH of temperature cali in ‘the lengths 
of towers and suspenders i is included in the analysis by ‘merely substituting | 
for: Lyin the formulas the simpler quantity, Be which is the sum of. 


“horizontal cable Spans. Due to the great sectional area of ‘the towers: as 
gompare | with the cross-section of the -eables, the shortening of the. towers 


live load is Telatively negligible. oh 
orgs the continuous type, at and ‘near the towers, the effect of live es: B 


of suspenders: is of interest only for that case of loading which 4 
produces, simultaneously, maximum negative tower moment and maximum 


positive shear at the tower. For ‘this loading» condition, with the near side 
span fully and the main span only partly loaded a minor fraction 


its length | out, from the tower), the value of in the ‘cable is ‘small; 
in the numerical example of the paper, it. amounts" to only about -sixth 
Of the maximum value of H. Consequently, the suspender forces, and + there- 
fore the changes in ‘suspender lengths, will also be relatively small, The g gen-— 

eralized deflection t theory shows, moreover, that for this case of loading the 
‘continuous truss, v under t the action of live load and temperature change, 
relieves the slightly of dead load near the tower, that several 


suspenders: adjacent, to the tower actually shorten rather than elongate. This 
would tend to decrease the negative tower moment. Actual computation for i 


the effect of suspender elongation on the stiffening truss” of Design II indi- 

Brewers decrease in both the negative moment and the shear | at the tower, a 
- which decrease amounts, however, to only a fraction of 1 per cent. It thus | 
appears conclusive that the effect: of change of length of suspenders o on the 
analysis of the. continuous stiffening truss maybe neglected safely. ‘This 


. Near: the tower, the continuous truss does not monk the deflections of the. 
truss ‘is not “unduly” ‘strained as. surmised by Mr. 


Moisseiff. the tower, the continuous truss 3 deflects less than the cable; 
hence the suspender shortening. The: theory assumes that. the truss follows 


the: cable deflections and, therefore, yields: near the tower more severe stresses s 


than actually occur. The difference, however, is negligible. 


In the remainder of the span, where positive bending moments govern, 


suspenders elongate and the truss deflects slightly ‘more t han the 
s Suspender elongation tends to reduce positive bending moments, so that here, — 


4 also, the theory yields more severe stresses than actually occur. Here, again, a 


i - the difference is negligible (a small fraction of 1 per cent). In addition to ff 


being negligible eine effect, the assumptions th that challenged ate on 


Messrs. Mitchell and ‘Parkin present formulas for the G- functions which 


op they have derived for ‘the’ case of a span divided into three loading segmerits. Ps 
‘general formulas for the G- functions, ‘as mentioned in the 
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of loading segments with any (or zero loading) i in any 


— 


Let: py py Ds . . . = the uniform load in the first, second, third, etc., 
_ segments from 1 the left end of the span, up to pm in Segment m (note po = 0);. 


Tey the clear distance of; the first, second, etc., segments = 


the. right en pee of the span, up to dn = = Pm, m (note qo = 0); 
Sep the clear distance of the first, second, third, ete. 


"segments from the right end of the span, up to 2 zm for Segment m (note 


0, and + = = 1). Then, in any segment (m) of ‘span, 


odd Gs = 4. — Pn-1) (e* ey). 


In 


+4; 


in which xn denotes the summation for all the ‘segments from the left end of. Br 

the span up to. and including the s segment, m, and 3 Se denotes the similar sum- 
mation for all the end” of the span up 


the different loading ‘cases tabulated in Article 9 may be written 
inspection. . G- -formulas for other loading ¢ eases or for other span segments 
likewise be written directly from Equation (127 


Mr J ohnston makes a pioneer contribution of ‘a specification 


eS varying lengths of spans and numbers of traffic lanes. . For a4 time struc- - 
ture 800- ft main span, the chart yields | an allowable grade change of 2. 


percentage of 2.00% were to be increased to 2. 25 2. the shart 
would better fit established and proved practice and wo 


tical specification for suspension bridge rigidity. It should be : noted, in this 
connection, that the distinction between increase and of grade 

“ordinarily. of consequence only i in ithe 
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is su h radient in @ span 18 generally signincant only when the 
_i8 such as to increase the normal (unloaded) grade of the roadway. 
of the roadway. If Fig.13 
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A working specifivation of allowable flexibility of ‘a highway suspension 
— bridge should also be governed by ‘the location of the bridge, since a ‘grade 
change which would be considered excessive in a large city or for heavy 
trucking traffic might be altogether proper in a less heavily. traveled site. 


ty For computing the maximum change of grade in any span, a particular design 


ee loading as to length and placement in each span must be assumed. — If it 


hs appears that such a theoretical loading is seldom likely to occur, that fact 


should be borne ‘in in mind in choosing the ‘val value of the maximum permissible 

recommendation of Mr. J ohnston that ‘the total grade 


‘= is of the roadway should : never exceed 5% is likewise subject to qualification. 
ruling gradients are ‘demanded and approved in some localities, and 


appear to be justified by the improvements that have been made in auto- 
Motive ‘equipment. Urban traffic conditions which might set the maximum 


oe ‘augmented grade of a span at 5% would not obtain in rural districts or in 


_-Yegions where steeper grades are the 


Professor ‘Wessman calls attention to the omission of shear effect ‘in 


the differential equation for the. truss deflection. It. is the writer's. 
opinion that the relative shallowness the stiffening fully justifies 

: neglect of shear contribution to the deflection, even i in the case of the con- 
tinuous ‘type. This view substantiated by ‘the results | ‘obtained in 
computations for effective moments of inertia of the truss; in these computa Be 


tions, the contribution made by the diagonals to the total deflections is ; found ~ 


to be negligibly small i in comparison ° with that made by the chords. 


i The formulas for concentrated loads, contributed by Mr. ‘Gronquist, will 
a ie be found useful in computing deflections under | heavy concentrations, and in i 


applying the partial influence- line solution of ‘Professor Rode a as suggested 


tive rigidity than mere comparison of. deflections, In studies 


of comparative economy, he uses the refinement of varying the truss depths, ? 
even: as between main span and side spans of the same design. m. For the 
brief numerical comparisons at the end of the 1 paper + the writer hesitated to 
to this sithough it would have facilitated presentation 
< Of course, different, “methods of evaluating relative 


economy ‘and rigidity will obtain varying numerical results, Although 
quantitative findings vary, the qualitative conclusions | are in accord: 


Hee agree on ‘the | important point that continuous suspension design for span 
a fi lengths of the | range under consideration | are marie rigid or more economical | 


(possibly both) t than the two-hinged type. “OF io 96.0 
‘The maximum ‘angular deflections reported by Mr. Frederick 3 in Table 6 


*§ are in sufficiently close agreement with the side-span grade increases 3 recorded — = 
writer i in Table 9, the economic comparisons in Table 7 do not 


Nevertheless, the final res alts of Mr. Frederick’s 


— 
— Ap 
— 
— ef 
ag 
OF 
pi 
— 
— @ 
Di 
ap 
| 4 
thes a tha cular eflectio o e et noe is 9 etter index o com ara- 
— 
— 
— 
y 
— 
— 
— 
— 


— 
= 


April, 1085 er STEINMAN ON DEFLECTION THEORY FOR SUSPENSION ‘BRIDGES ia 


VID HO YTHID02 VADIAAMA 
serve only and strengthen the writer’ s claim of 
advantage for ‘the ‘continuous type. ih comparison with the two-hinged 


Mr. Frederick’s results show 25% gain in economy 88% gain in 


a rigidity for Continuous Design I; more than 1% gain in “economy © plus 27 x 


gain in rigidity for Continuous Design II; sand 6% gain in economy plus 3 
rigidity ‘for Continuous Design Il. All these combin 


Had been available in 1920, the generalized <4 
would have facilitated and improved the stress analysis a a nd proportioning ~ 
of ‘sections for that bridge, and would have yielded a more efficient: design. 


Conclusions.— In conclusion, it m may be stated. that the objec stives of the’ 
paper have been. confirmed and ‘amplified by. the discussions. The deflection 


theory. for ‘suspension bridge analysis has ‘been ‘generalized and exten ed. ‘to. 


cover structures of any number of spans, continuous or non- -continuous, sym- ng ei 
“metrical or unsymmetrical, and. with or cables, 


and procedures have been developed 40 facilitate and expedite 


The advantages. of continuous stiffening trusses, in economy and rigidity, have — 
confirmed. Correct analysis as a pre the development of 
possibilities in the ‘multiple-span_ field of suspension b ridge design has been 

Presented. Increased possibilities. for the suspension type in the short- span 
bridge field have been suggested. Oritegia for ‘comparing and specifying the 
rigidity” suspension structures have been introduced. ~The reliability, 
economy, | and workability of the d deflection theory have > been ‘confirmed, and its ~ a 


43% 


range | of application extended, so as to ‘relegate ‘the comparatively wasteful 
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PX, Messrs. GERARD H. MATTHES, AND R. (CLEMENS 


subrid tart 


GERARD Marries,” M. Am. Soc. C. E. (by letter Reservoirs’ possess 
important: potentialities as flood- control structures, as ably brought out 


author, but the significant fact. remains that surprisingly few have Been 
built for that purpose despite the urgent need for ‘flood control that exists 


on many streams. ‘In 1920 ‘there were in the United States a paltry sel 


lusiv 


reservoirs an retarding basins devoted exc lusively to the control of floo ods. 


- This number includes such minor units as the retarding basin on Dry River, : 


neat W atervliet, N. “and another, even smaller, on Paxton Creek,” | 
the ‘protection of Harrisburg, Pa. From estimates ‘compiled by the writer 
in 1920 there were then in the world at large fewer than 100 flood-control _ 
"structures of ‘these two types. More than one-half of these were in Europe, 
21 being in one river basin in Germany. ‘Until a few igo this 
of flood- control reservoirs had not changed materially. In the United States, 
during the past six. years, ‘projects for flood ‘have 
been “surveyed 
have reached the | construction The chief to Bis their 
general, a handling of large volumes of 
among the most costly of hydraulic structures, whatever may be i 
n hydro- electric ‘development it i is common for the 
represent the largest single item of investment ‘cost, and the 
one upon which often hinges" the economic: feasibility of the ) entire | 
teaches that reservoirs designed ‘exclusively for 
flood control shave been found le less likely to 0 be warranted on on strict | sere 
considerations, than have reservoirs: designed for any other single purpose. 


There i is a steadily growing tendency to build multiple-use reservoirs such Pe 


: Nore. —The paper by George R. Clemens, Assoc. M. Am. Soc. C. E., was published _ 
in May, 1934, Proceedings. Discussion on this pegee has appeared in Proceedings, as 
follows: November, 1934, by C. Stanley Maxwell, Jun. An Soc. 5 and December, 

1984, by Messrs. F. Knapp, and Charles S. Bennett. 


“Prin. Engr., Office of ‘Pres. mivee Vicksburg, Miss, 
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| MATTHES ‘ON RESERVOIRS FOR FLOOD CONTROL 
 thatt the cost may be among ‘two or more uses, ‘often’ wholly unrelated. 
Flood control, which is often included ir in such combinations, is gaining 
steadily: in importance and is emerging from the incidental by- product class 
4 in which it has largely figured in the past, into a well-defined reliable status. 
4 Boulder Dam, on the Colorado River, which ‘is } designed primarily for flood- 
i: control ‘and at which power will be generated, as well as water furnished for a 
‘irrigation, domestic supply, and navigation purposes, i is the outstanding u ee 


ample | of the multiple- -use type. Norris Dam, on the Clinch River . Tygart 


River Dam, on the head- -waters: of the Ohio River, ‘Fort, ‘Peck Dam on. 


the Missouri River, , are to serve not less than two purposes each. oThe flood- 
being built for the Los Angeles District w be operated 


The: reservoirs of the “Muskingum Conservancy District will serve other pur- 


poses: beside > flood” protection to the Muskingum Valley. “Credit should be 


given the larger of the existing Western irrigation reservoirs which “derive 
their water ‘supply mainly from flood run- -off, for having reduced flood | flow 


more less effectively although they have never been operated for 


The conclusion is “inescapable that the reservoir ‘destined 
play an increasingly important role in the future. _ This is supported 
the following considerations: si @ In the United States, to date, only densely 
“populated, h nighly industrialized areas can afford the cost of reservoirs for the 


re ty 


sole. purpose of flood control; (b) costly impounding structures for the sole” 


purpose of preventing flood bear to smal] hse and farm lands situated 
in natural flood-plains can rarely 


to waste flood waters immediately they ‘have impounded, as. must 
i be done at retarding basins or at reservoirs designed ‘solely for ‘flood cont trol, 
is contrary to the modern concept of water ‘resources utilization; and, 


(d) multip ple use of reservoirs divides the burden < of cost between two or more 


interests, the increased benefits which result are more to place 


oo ny of those who have written about the incompatibility of 


Ly 
which exists between corporate use and sity conservation of wate : 


former is ever concerned w with earning adequate returns to the investor; 


the latter with the greatest good to the public at large. ‘There can be no 
unanimity ¢ of purpose, nor any take,” ” as between such divergent 
‘7 tad betrim rth Long & 


he ‘has done a a great service i in analyzing the various, possibilities 


of the combined uses of reservoirs and by pointing out the respective ‘short- 9 
comings : and merits of the various combinations. — ae 3 should be emphasized, 


that “even in the most advantageous physical ‘set-ups outlined by 

him, absolute a agreement: between the interests ‘sharing the storage space 
a reservoir is essential This agreement should amount to a unity of pur: 
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 ¢ontro ave overlooked the fact that this incompa 
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pose and should take the form of unified control). if the best results: are to a 


obtained because, in any combination, one usage may be called upon, at times, 
sacrifice to the other. Conceivably, this “may be unavoidable even where 
~ separate. storage § space is allotted to each usage. Unified control by a single 
interest, w whether Federal, ‘State, or other competent public agency, appears 
to be the only sa satisfactory solution. whenever flood: control is involved. 

e practical operating difficulties of flood- control reservoirs have been 
rated. This i is attributable, in large measure, to the excellent 


all 
performance « of. the flood- control system of the Miami Conservancy 


4 


parding. basin, principle utilized is applicable to any 
where. the topography is at all favorable toward retarding-basin construction 
is adapted to relatively. small water- sheds where flood. run-off 


8 


installed, t plan admits of no variation because the outlets are 


ze. The operation of the retarding | basins in the Miami ‘Valley is singu- 
larly favored by the almost ideal crowfoot arrangement of the main _tribu- 


ete 


An. _ important consideration which entered into” adoption of 


retarding basins | there 2 was the desire of the people « of the Valley to preclude 


2 any possible use of the dams by power or other interests, whereby any of the 


flood- control features might later be sacrificed, 


abe The ‘retarding principle cannot, be relied upon for satisfactory per formance 


in dan drainage basins, or in any flood- control system in which a large 
number of dams and reservoirs a are required, or where the tributary ‘system 


is at all complex. . Automatic control of one ‘tributary. in such cases is hate 


to lead to unfavorable synchronization with flood crests from other tributaries : 
: similarly controlled, or not controlled, or with flood crests in the parent stream, 7 


out by the author, Other drawbacks of the retarding-basin | prin- a 
; steadily decreasing rate of outflow 


: 5; inability to flush out the river channel — 
below for the pl urpose of. removing and impracticability 


Be of raisin ng t ‘the height of. the dam and the water | evel at some future time — 


3 when loss. of storage capacity, due to sedimentation should make such ; a step 


desirable, without. haying to rebuild the fixed outlet to meet the increased - 


As. against these limitations gate control possesses advantages, not 
the least of which is that a gate- -controlled ‘dam can ‘be 1 made to operate as a 


retarding dam, whenever. this may be advantageous, by merely | locking the 


gates at a predetermined height s so as to” pass water at ‘the same ‘rates of — 
discharge, as a dam provided with a retarding outlet. At other times such “ 


a dam permits of gate operation, and this, during the flood s season and especi- f 


a ally during emergencies, becomes of inestimable value. — Gate control means 
_ control, While gates can never be as fool- proof 


asa a fixed retarding outlet , and 1 require ‘replacement at i intervals, it, is entirely 


practicable to design them s 80 as to prevent their being tampered with, short of 


— 


S ON RESERVOIRS FOR FL 
— 
— 4 
— fa 
— 
— m 
— «CS om 
— | 
— 
— 
— 
= 
— 
— 
#«5 &§ 
— 
— 
— 
— 
— (CC 
— 
— a 
— on. 


“Whatever may t be the hazards 


fact ‘remains that there are e many localities i in n the United States no 


- other 1 type of reservoir ¢ control ¢ can safely be used. For instance, wherever 
ney floods are caused by: tropical, storms the possible recurrence of which 
at 7- -day or 8- day intervals must always be anticipated, reservoirs for flood 


patie, ‘must be designed so as to permit being: emptied completely on short 
notice in order to be available for the coming flood. _ Nothing short of com 


lete control by means of ample gate capacity in the hands of “experts can “ 
. such situation. At such” tim nes it will: be better to 


rapid release of the ‘impounded waters to overtop the tiver banks, 
causing moderate inundation, than, to permit the ‘crest of the 


ceeding flood to. go over ‘the spillway and cause a disastro inundatio 


This i is choosing the lesser of two evils. er retarding basin, in such instance, 


would admit of no choice and might become a liability rather than an asse 
‘The T-day to 8-day interval betweer great floods | isa matter of record on a 


streams along the South Atlantic Coast, and | is equally likely 


> 
Gate control is ‘udu. also i in areas where cloudburst run- off most 
coped with, especially where. the flood- control reservoir controls a ‘small 


ainage Unless its operation is ine ‘competent hands, it. may well 


‘run- ‘immediately, following a major storm finds 


arid regions. retarding in the Miami Valley were ‘not designed 


with either of these considerations in “mind 
of tropical storms and cloudburst floods are ‘not great Intensity” there. 


to empty; 
two, in 


successful of its kind in 

_ to apply indiscriminately t¢ to other flood ject: It would n not be surprising © 

if this system should be destined to remain in a class” by itself. 

“Never would have been economically feasible had it not been for the high 
valuation of property, great density of population, , and the importance of the 

industries located in the flood zone. ‘The 36 000 acres within: the basins 
furnish protection to 80 ¢ 000 acres of valley lands, a ratio of 1 acre of basin 


lands to to about 2 acres of ‘the. farm land beiziy 


of gate control with its implied reliance 
4 
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- _ reservoirs or retarding basins storage capacities sufficient to absorb the flood — — 
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rly, would be emptied in trom to days, and 
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$30 000 000, no portion of which is covered by Federal grant or 


Niscussions 


he « investment cost repaid ‘about 7 
one-half by direct assessment on 7 000 pieces ¢ of ‘property, and the remainder 
tax levies for protection to public property of cities and counties. 
000° acres of farm | lands collectively assessed less than 
of the total direct assessment levied. ‘The remaining 13 000. 
city and industrial property pay” the other 95 per -eent.. the farm 
Tands are by no second rate, t these figures. are “significant in ‘illus- 
trating how little farm land can afford to be assessed on the strict benefit 
. basis required under | the Conservancy ‘Act. It proves also that the remainder — . 
: of the property in the flood zone ‘was worthy of flood protection in perhaps oe 


exceptional degree, as it shouldered successfully a a heavy burden, ‘There are 
few localities in the United States in need of flood | protection to- -day that 4 


could afford to finance a purely. flood- control Project any uch scale, 


~ 

13, 


Gronce R. Curmens” ‘Assoc. M. AM. Soo. C. 16. letter). —A num 4 


as an important “one of several purposes, have been undertaken since this 


of reservoir projects which ‘involve flood control, either as. a sole Purpose or 


"paper was prepared. Many other. projects are being actively considered, and 
“some will probably reach the onstruction stage in the 1 near future. It has 
been extremely interesting to note that general consideration of the various ‘< : 
types of projects fits readily into the classification outlined in paper. 
Particularly is this true of the analysis of combined projects and ‘the possi- 
bilities. and limitations of combined use of the same ‘reservoir for several 
purposes. The discussions of Mr. Knapp and Mr. Matthes have touched on 
‘combined ‘use. Certain of the original ideas may be ‘ 


purpose of the same storage ; and interval ‘storage 


fee (a combination | of several purposes by allotting portions of the reservoir to 


it It was stated (and the discussion supports this viewpoint) that Use (A) 
is more difficult to obtain than Use (B) erample each -is presented 


On the Sacandaga River above All Albany, Y., the Hudson River Regulat-_ 


: ing District has constructed a reservoir for the purpose of | “regulating the 
of the ‘Hudson : and ‘Sacandaga Rivers as as pequized. by. the public welfare.’ 
involves. control of floods; increase of low- water flow in. part of 
New York State canals; increase of low- -water flow i in the interest. of 


health ; and. _Tegulation of flow for water power. These several, more ‘or less 


conflicting “Tequirements: are ‘met by use of water stored reservoir of 


690 000 acre- -ft capacity, ‘operated by the District to comply as nearly 
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OLEMENS FOR FLOOD CONTROL 


Sacandaga Rivers | from tid _tide-water at Troy, N. Y., to the 
dam 80 miles 1 ‘up stream, as shown on the profile (Fig. 14). . Obviously, there 2 


4 are times when each interest must sacrifice something to the other. . Accord- 


ing to data furnished by Edward H. H. Sargent, M, Am. m. Soc. Chief 
Engineer of the District,, the results given in Table. 9, were re obtained in the 
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Ford and Son, inc. — 14-ft Head 


FORT MILLER DAM Fort Miller Pulp and Paper Co. 
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NORTHUMBERLAND DAM State of New York (Iroquois Pulp 
IP THOMSON United Paper Board Co. — 18.5-ft Head 
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'Y DAM Henry 
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WATERFORD DAM State of New York 
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_ ‘Fie. 14 —PROFILE oF THE HUDSON AND SacaNDaGa RIveRS FROM TROY TO NORTHVILLE, N. Y. 


Rete 
“years 1932, 1933, and 1934. 
-‘Teflected in the flows” of ‘the Hudson River a t Spier Falls, N. ¥,, is 
Detail study of the 

the most important is that, with a a unified control,’ “g is possible 6) obtain 1a 

joint ‘use of storage in ‘spite of the many conflicting demands. As can be 

noted from Table 9, floods are ‘materially reduced and low- water flow is sub-- 
% stantially increased. Tt is probable that the most important factor 

ing the results with this combination reservoir is the unified control This 


‘Point: was raised in Mr. Matthes’ discussion and ‘is ‘believed ‘to be 
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CLEMENS: oN FLOOD CONTROL 


TABLE 9. 9.—Errrcr OF OPERATING ‘Sacanpaca RESERVOIR ON Hopson | River ER AT 


(Units are in cubic feet per second) 


‘ 


| reservoir | reservoir in average) —— reservoir in 
16 
000 


+ 


success of large parti rticularly it is sought 
‘to flood-control and ws ater- ower uses. 
An An example of the separate storage- space of reservoir 


‘is found ; in Norris Dam under construction by the he Tennessee V Valley Author- = 
ity on the Clinch River, ; a | tributary of ‘the Tennessee River. _ According to 


reports it is un understood that the upper “part of this ‘reservoir comprising 
om 5 400 | 000 acre- -ft is to be reserved for flood- control storage, whereas the lower aa 
part of the e storage | is to , regulate the flow for navigation and power develop- 


_ ment. Operation of this type of reservoir should be more simple than that of _ 
the Sacandaga Reservoir as there i isa definite space allotted to each) use. With 


et intelligent operation it is s possible, as pointed out in the basic | ic paper, ‘that some 


project in the paper. As stated by Mr. ‘Stanley ‘certain ‘parts of the paper 
dealt with large | streams, 8 such as ‘the Mississippi River, but it is believed 
‘that the general principles stated classifications projects outlined 


apply equally well to smaller systems, In fact, as both Mr. Bennett and 


Mr. Matthes point out, the "retarding basin sy systems apply generally to 


+e smaller water- sheds and probably would not be satisfactory for large streams, 
such as the Mississippi. Control of outlets is quite generally a desirable 


feature even if if the main purpose is to retard flood flow. 


As brought out in Mr. Matthes’ "discussion the use o of reservoirs for ma 


‘ control alone has been limited Iti is also rather seldom that ‘the cost of con- 
struction ean be borne by directly benefited. There | 


Conservancy District serve to and extend ee: comments “that 


transportation of the ‘elimination flood damage a in 


of men on constructive, periods of general 
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tions, “even where 3 ‘no called damage is sustain 
- a munity value. A plant that i is forced to shut down and discontinue ‘payrolls 
because of a flood causes a community loss even if there’ is loss of i 
property at the plant. As more flood- “protection projects are constructed and 
of the beneficial effects of existing projects s become more thoroughly appreciated, | 
«it is probable that better methods of analyzing these economic | losses will 
‘: be ‘developed. — Methods will be devised for determining the value of benefits 
classed as_ indefinite, indeterminate, or perhaps not even ‘Tecognized. 
; — knowledge may have an important bearing on the lanning 
pr rotection projects of the future. fee 
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Davip A. Motttor, M. Am. Soc. C. E. 
4 Davo A. “Motrror,” M. Am. Soc. (by y letter).™ 
‘Paper the writer attempted t to outline a method of evaluating the total wave 
a force which may be expected in any locality - where a sea wall or 
water. is proposed, so that a safe and relatively economic 
formulas: for height o a wave it in terms of wind velocity a nd fetch 


are admittedly very approximate. 1% When direct observations are available, 
sul 


as in the ¢ cases cited by Mr. Fowler, recourse to speculative estimates becomes” 


Tie the absence of reliable measurements of. ‘wave dimensions for any given 
locality, the data here presented give very acceptable answers for most 
inland bodies of water, more particularly for the Great Lakes, for 2 any known 


4 


values of wind velocity and fetch; etually, the time clement « or ‘the dur 


should be ‘apparent, as in cases the maximum wind velocity reported 
be as low a as miles ‘per’ whereas: in some localities a -100- mile 

7, 

the Stevenson which will prove He has supplied 


ween left unsaid for ‘the sake of brevity, and, finally, c comes to the 


fame conclusions presented in the paper, namely, that ‘observational’ data 
fi when available « are. preferable to results from grossly approximate formulas. 
ae introduction of wind velocity into the Stevenson | formulas renders them 
applicable to varying conditions. Naturally, 40-mile wind ‘will produce : a 
Notg.—The paper by David A. Molitor, M. Am. Soc. C. B., was published in May, 
1934, Proceedings. Discussion on this ‘paper has appeared in Proceedings as 
_ September 1984, by Charles E. Fowler, Esq.; December, 1934, by Charles T. Leeds, 
Am. ‘January, 1935, by A. A. Eremin, Assoc. M. Am. Soc. C. E.; and 
by T. L. Condron and Chester L. Post, Members, Am. Soc. C. E. 
Structiral Ener., Public Works Branch, Treasury Dept., Wash- 
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OLITOR ON WAVE PRE SSURES ON SE 
esser_ wave height than a 100- ‘mile wind, whereas ‘the Stevenson formulas 


apply only toa mile wind. There are many cases on the Great Lakes 


ed 


‘for wind velocities of about 100 miles per ie, ak for storms of long cae: 
‘Smaller values « of 1.3 to 1.7 are perfectly safe for waves produced by wind | 
velocities from 30° to 70 miles, respectively, lasting not ; more than 24 hr. 
The writer agrees with the “preference “expressed by Major Leeds for 
-_rubble-mound breakwater construction whenever ‘such type is suitable. 


factor of safety of, say, two against ‘sliding and overturning, for erib designs, 
is likewise considered adequate for maximum storm | conditions of record. 


‘The cost of infrequent repairs resulting from damage due to abnormal storms 
is ‘regarded as more economical over long periods of time. 


use should he restricted to waves in n rather 


Mr. Eremin presents a curious method attributed to Sainflou, which he 


applies to Magann’s Pier and finds a rather close agreement with the writer’ 8 


‘not be 2 accepted a as a criterion for r other cases, hatin orl 
The discussion ‘contributed by Messrs. Condron and Post brings. out 
interesting points which deserve special attention. Their analysis of the 
Calumet Harbor Breakwater, serves as a a splendid illustration of the tendenc cy 


over-estimate rather. than ‘under-estimate the wave force, biel 


Although there i is “question regarding the stability of this structure 
as d designed, the writer wishes to record the results of an analysis such Las | he 
considers i in accordance with the method advocated i in the } paper. 


_ The 55-mile wind it the northeast agrees with the records of the U. S. 


analysis. However, ‘this must be regarded as quite accidental and should 


‘Weather Bureau as given in Fig. 5. However, af fetch of 300 miles, which 


is the entire length of Lake. Michigan, presupposes a storm of wider extent 


and longer duration in this direction than has ever occurred. — It i is writer's 
judgment that a fetch of 150. ‘miles from a northeast direction would better 


‘fit this case, with the wave normally to the breakwater, instead 


At is +: quite inadmissible to apply wave pressures observed at Dulut 
directly to. the Calumet Harbor Breakwater without due allowance 


the different exposures. ‘Each case must be treated in strict accordance 


with the special conditions| governing the “same. Finally, it ‘must be clear 


hat, in order to build up full ‘wave “pressure, the resisting surface must be 


f sufficient h heigh about. ‘17. 5 ft at Calumet Harbor) while the top of the 
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is only 6.5 ft level. rs 
only a relatively email obstruction, : and does” not up pressures great 
as those estimated by Messrs. Condron and Post. tag 
‘The analysis herein 1 presented is believed to approximate the true ¢ condi- oe 
tions "more accurately, and will illustrate the correct application of the te: 
writer’ method to the steel pile structure at Calumet Harbor at in 


— 


still Water | Level, 

7 


Crib 38.5" x 37.5" 1000 500 9 500 1000 1500 

5 


1G. 11. HARBOR BREAKWATER, LAKE MICHIGAN. 


. Benen: for a maximum wind velocity of 55 miles per hr and a normal fetch 


5. of 150° miles, the following results obtained : By. Equation (1), 

= 0.17 /55 xX 150 = 15.44 ft; by Equation (3), r 
bi? = 55, gives L = 15.3 h = 236 ft; by ‘Equation (42) for d > 184 h, 


4 


= = 8.72 ft andh — ft: .. 


Qe 


4 “te 0. 14 which Te Table 3 gives 

1.165), find 26 L = 29.67 ft per 

be uation then gives ; p 5 + 2160 o = 0.72p 
he ) per sq ft; also, = 0 h 1 85 ft 


— 
' 
— 
— 
¢ 
or: 
— 
do 


make plot the pressure curve 


for the completely obstructed wave‘as shown in Fig. 11, from which the 


curve for the partly obstructed ‘wave. is. deduced: fistieciten 
effective ‘pressure, P = 12 230 Ib per lin ft ‘of. 


mean level ‘between: the: top the ‘Pier and the full “wave height at 
% Fema 17.44. This gives a maximum ‘pressure re of 1385 Ib per 8 sq ft, as 


compared with the 2 370. Tb ‘used by Messrs. Condron 2 and Post. 


Assuming the weight of the submerged part of the erib at 50 lb per cu ft 
ae the part above water at 100 Ib, the crib would weigh only 84 400 Ib per 


ft Hence, the factor be as follows: Against over- 

, -84400_x_18.75_ = 4 17; against sliding: (84400 _x_0.5 


Party 


that a factor of safety of two is sufficient. 
Lay of an hydrostatic head due to a momentary difference i in 
enna level between the front and the back of ‘the breakwater is not eon 


Although not mentioned in the paper, this matter ‘careful. 


a consideration. No evidence of such action was s actually observable as dyna- 


-mometers planed below the level of the wave trough have not indicated any 
pressure, and none was expected as the wave effect i is entirely | ‘dynamic and 


confined to surface action over height equal to the height of the wave 


concluding this “discussion, it may be of interest to recall briefly the 


edreumstances which led the to undertake an exhaustive study of this 


subject many years later furnished the ‘material for his paper. 


challenged the contractor, , before its. actual construction, “was undertaken 


in 1915, , it became necessary to establish proof of adequate design. In the 
absence of any authenticated ‘method of procedure, it was necessary to devise 


method of appraising approximately, ‘the probable wave force for the 


4 


ticular ‘exposure and depth | of water, and then to show by comparison that the 7 


same n ‘method of analysis, when applied to numerous existing structures, gave 
iw: = 


results which agreed well with their actual behavior after they had weathered 


severe storms. It was thus: a case” of first method of 


of investigation was made by a ‘Boatd of Consulting 


see Engineers, with the result that the structures were built without increased 


dimensions. They have now (1985) weathered all storms for the past 


to ‘those who 
nerve to 


ected. 
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The — wil be made in the paper ” > when it is published 
n 658, s substitute “in which, 


expresses the ratio of the ‘semi-minor to sem 


axes of the surface orbits. Two other and p, 


“Equations (13) to (16), together with values of c, are given in Table 3”; — 
change headings iof Columns (2) and (8), Table 3, to read, respectively, 
“Values ¢ of c” and “Values of B”; (3) on page | 662, Line 13, “By Equation (1) a 
= 0. 17 x 260 = 16. 5”; (4) on page 662, ‘Lines 22 and 23, “The 


ook of ‘this 16- ft determined by ‘Equation (4b), for shallow water 


was 10. 8 ft above ‘page 663 , Line 5 , “(By Equation | (15), 


= 1. + 


9.51) = 2 300 Ib. per sq ft)”; (6) page 665, Line 14, es 


(7) page 666, Lines 18 a ind ‘19, “The height of this deep-water w wave above 
- still: -water level by Equation (4a) is a = 8.65 ft”; and (8), page 670, Line 26, ae 


“The: height of this reduced wave above still-water level, by Bauation (4), 


_The writer is indebted to Messrs. and Post for 
al calling attention to ‘several of the preceding corrections. al: 
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N ASYMMETRIC PROBABILITY FUNCTION my} 


ad By ARNE FIsHER, Esq. 


4 


f and ‘ bounded functions”: 


certain function which he terms “the most general frequency function” 
ina sense, would seem to imply that this type of function includes all other — 


known types, ‘such as the Gaussian or  Laplacean exponential error curve, the 

Poisson exponential, Gram’ 8 series, and the ‘curves introduced by 

Bachelier. It should be noted that the author does not ‘state 

he understands by the word, “homograde.” The technical terms, “homo- 
grade” and ‘ “heterograde,’ were first introduced and defined in the theory of 

statistics ‘by Charlier and have a perfectly definite meaning. = The term, 
“homograde,” as used by Professor Slade apparently stands for ‘something 


a different and his so-called “homograde f functions” appear to be certain ain 


defined by Equation (45) or Equation (11) of his paper. 


the case eof hay ed to ‘the: 


A 


well- known law of error by Laplace and 
re 1856, the Danish Minister of F Finance, C. 


“ 
although 1 the spread of hits” of rifle bullets, when i in 


a vertical or horizontal diameter, follow well-known ‘exponential error 


Norge.—The paper by J.. J. Slade, Esq., was published in October, 19384, Proceedings. 


Messrs. Gordon P. Williams, and H. Alden Foster: February. 1935, by Messrs. R. 
iin Goodrich, and F. T. Mavis; and March, 1935, by L. Standish Hall, Assoc. | 


Actuary, ‘Western Union Telegraph Co., New York, 
Received by the Secretary January 24, 1935. 


“Mathematical Theory of Probabilities”, by Arne Fisher, 128, “Macmillan: Con 
83 “Bestemmelsen at ved Skydning mod verticale 


on this paper has appeared in Proceedings as follows: January, ’1935, 


Af 
4 
ome 
— 
— 
— 
— 
series,” “homograde frequency 7 
4 
‘va 
— 
oof 
fr 
ij.§ inwhich,¢ = | ——~ ‘ 
— 
oh 
4 Tt 


FUNCTION 


skew curve: 


i is the probability a bullet will strike a target at a distance, 
z, from the center. Furthermore, if Py(2) is the normal frequency « or prob- 


In general, if a certain statistical variate, 2, is dis- 
ited (that is, , if it is “subject to the Laplacean probability curve, or 
i _ error law of Gauss), a function of z, say H(x), will not necessarily be dis- 
tributed normally. On the other hand, also true that if the variate, 2, 
fF , say h(x), may be so distributed cal 


‘Therefore, it should: be ‘puatible, at sey in theory, to throw a skew or non 


normal curve into normal form through a ‘proper transformation of 


of fact, in 1889", Thiele, a ‘Danish astronomer and actuary, 


discussed the general problem of the frequency curves, not only 


of the variate, | a, as actually is found to be or “deviate 
from the ‘normal probability, curve, x may be considered as a “fictitious” ob- 


‘servation of the ‘pseudo- -normal” variate, = h(a), which latter 
supposed t to follow t the Gaussian error law ; that is, if $2 h(a) i is distributed 


according to a ‘known’ normal error law exponential form n, it is possibl 


to find the frequency distribution of the inverse function, = g(t). 


A brief outline of ‘some of the more elementary parts of tT hiele’s work 
home ona communication to the writer - from the late Dr. a ‘P. Gram in 


the ob beerved F(z), in ‘tile 


the values, F(a)” “(that is, in the form 3 F(x)), sue- 


cessi vely, or step by step, f om. low to upper limits of class intervals. 


— Calculate the frequencies, o 
A. F( z) = J "equals the size of the observed sample ; 


= “The Mathematical Theory of Probabilities,’ by Arne ‘Fisher, 1930, p. 236. A ele 


s ® “Almindelig lagttagelseslaere” (“A General Doctrine of Observations”), by T. N 


iste whe — 
its when 4 
t - senter of the target will be characterized by the following 
— 

‘ 
— 

— 
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PROBABILITY FUNCTION. 
curve ander. Step (8) will be a monotonely. increasing function, 


gradually ising from zero to an upper limit which never can greater 


exists between and t “the prUbebility integral, dt, 


4 


so that to every value ofzinig there will a val 


— Plot On -ordinate paper the to he 
form | of the graph or. curve drawn through these points will give a genera 


al 
idea of the function of z that will be normally distributed, although itself 


ite —The functional expression of t=h x). may assume a great variety 


cot 
om 
+ 
| 


5 
oO 


= ar +b: 


t in the exponential curve “error; wl 
forms of which are aa’, az*, etc.; and, = lo og gm 
8.—When it is. know that ‘there is both» finite limit,, Xo, and 
an ‘upper finite limit, Tn; following form is very useful: al 


never be less than oF greater than the number of subscribers. (£ (in 


‘Poisson’s formula there can. be theoretically an infinite number ¢ of calls.) 
oie Among these various transformations the writer first proposes to consider — 


Equation (57) because it is the one that he discussed somewhat in 


detail: elsewhere and the one which ‘Professor Slade has criticized. 


the heading, ‘ “Transformations of the Variate,” the author cites Equatio 

(10) as the definition of a new generic function credited to the writer. 

‘statement is in error; no has the writer made use of the func- 

in Professor ‘Equation (10). . The generator that 


Mathematical Theory of Aree 1930, p. 236 et seq. 
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of u the mean value of the first- order semi- ‘invariant, 
(2), of x) and defined by the relation, — u =a. The value of u is 
he real root in the cubic equation” ib 


Oks 


ay 


log (x —a)—m] 
and 


nection that to the» writer in in his 


_ This feature ; is important in connection with the author’ s “partly bounded ¥ 


a 


“new” funetion Professor 


“mically transformed function, Equation (10), differing from it only in the 
‘power, ¢ * to which it is raised. . The difference is fundamental, | however. Be 
is just this added parameter, that makes Equation (11) more” ‘than 


‘normal’ for the logarithms of the variate and which about a ‘remarkable 


1) true generalization of Equation (1). 


In this case | the author has magnified ‘the ‘mathematical ‘symbol, out of 


generator in Equation (69), which has criticized in his 

of some of the writer’s work. 


proposed, by Professor Slade in 


= [log (x b) log whereas generator, as 
used of the form Equation (59), with A(z 
which states that the quantity, log 


This. generator i is algebraically identical to. the “partly | bounded 
in the: ‘Pap per by Professor fact, A= On ¢ 


f 
ms; and, b = — a (or The. iduthov criticism of the type 


‘By ° illustration it may be of interest the 
to Professor * “Example author 


x 


“Mathematica “Theory of Probabilities,” | by F isher, 1980, Pp. 


<Moreover, the writer has emphasized the fact that the log 

. 

— 

— 

— 

— 

— 

me — 

ia 

— 

| 

in wh — 

— 

log 

. 


ee 


ae 


second, third moments, [ay Pas and | po, are 


» Ass and 2s} therefore, da (2.3355 = he = 1.442; and = = 3.607. 
‘The equation for determining the value of u is, therefore: 
Ge 

607 — 6.988 u? — 9.998 = 2) 


‘which the real root is found to be 948° ut = 8795). Con- 
the dower, limit, a, , equals 2. 335 — 1, 948, or 0.387. isi, 
é ‘ Moreover,” n = = log (1 + 1.442:8.795) = log 1.881 = 0.323; n = 0.! 5683 ; 


= log (1. 948) — — 15 (0.323) = 0.6668 — 0.4845 = 0. 1823; and, . No 


= 251 1.416 = = 1779 93; ‘that finally: noi 
6. (@) = ee ai 313.1 | 72 ai 


(2 —.0. 387) - 

he T he computation of the ordinates is 8 given in Table 12. It w vill we noticed 


that the final results are exactly the same as those in Table 4 and are reached 


2 tog (20.387) @)-0. |(3)=6: 0.56 


01960 


x 


HOO 


paper. Professor Slade’s Objection (a), under the heading, 


of the Variate,” can be met by the statement his ( (Slade’ s) method 


equires the identical solution of the same type of cubic, as expressed in his ‘ 
wn Equation (24). Moreover, it seems that his _(Slade’ s) theoretical develop- 


ment, _invo Equations (12) ‘to (42), unnecessarily “unwieldy and 


‘more complicated than the writer's: _(Fisher’ s) “theory. | 


In “Example b” the author quoted certain from the writer's” 


and states “that, the required | tor fit these data the 
present [Slade’ 's] method is quite negligible compared ‘to that which Fisher 


must do to ‘obtain a that is for all. practical 


Sle 
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vi, TY FUNCTION 
e foregoing and dogmatic 
assertion Slade invalid in so far as the generating 
ry dit In Table 13, the values of the ‘symbols, b, c, and d, as used by Professor " 
Slade,” are compared with the corresponding values of the (or 
i m, and n n, that enter into the formulas that the writer has us 
to Column | (3), Table 13, 24, (2) — u = a. If the origin is taken at the 


| mean, or at A(z), it is found that 


TABLE 13.—Comparison or AND FIsHER Mernops 
| = 


5462 | ms 


“The logarithmically transformed variate (on the basis of a age intervals of 


h(x) bis (a— 18.1) — 2. 645) : 


a3 


ae, 


; 
with a funetion of the form S00 


« 


which, Me) = » = [me 13. 1) 2. 645 |. Ch): 


4 E -ORDINATES. (Sze Taste 5) 


G 
clusive) 
49 to 51 67 to 69 
52 to 54 70 to 72 
55 to 57 73 to 75 
58 to 60 76 to 78 
61 to 63 ° 79 to 82 
3 426 || 46 to 64 to 66 | 


mid-ordinates 


S fr 


uted 


P 


equencies 
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uencies 
Computed 
mid-ordina 
frequencies 


— Observed 
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‘computed mid- -ordinates, using the correctly computed generating. 


netion (Equation (65)), are listed in Table 
Correction (October, 1934, Proceedings) : On page 1116, Lines 1, 2, and 3, 


“t — 0.440; b= = 6.118 ; c V2 377 ; and 0.2182". Numerical - values as give 
y Professor Slade are erroneous. 
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— ‘easily. that the generating unction itself (or Professor 
‘Slade’s ‘ ‘partly bounded: function”) is not powerful enough to represent the test 


_ observations: are not 01 only skewed, but or “top heavy”). ‘Indeed that 


serves ‘to characterize the peaked. character, or the: ‘of the’ curve. 
| For’ this ‘very reason it becomes necessary. to resort to a more refined ; gradua- 

by means of a Gram series of the form: of del ot 


: ie which, ¢o (x) is the generating function as computed in Equation (65) and 

iv be (x) and ¢, (x), its third and fourth- order derivatives. This further gradua- il 


may y be carried out by least squares,” ant results” the distribution 


TABLE 15. —Frequency DistrIBuTION BY Sexes 
‘(inelusive) (inclusive) (inclusive) 26 || Gnclusive) || (inclusive) 
"13 to 15 | 0|| 28to 30 | 3 707 || 43to45 | 519 || 58to60 | 88 || 73to75 | 21 
‘16 to18 | (72 || 31 to33 | 2 890 || 46to48 | 342 || 61 to63 | 66 || 76to78 | 16 
96 || 34t036 | 1996 || 49to51 | 233 || 64to66 | 50 || 79to82 | 13 
FS 69 || 37 to39 | 1 284 || 52to54 | 163 || 67to69 | 38 || >83 | 24 — 
4 14 || 40 to 816 || 551067 | 118 || 70 to72 


which the superiority. of ‘the Gram series, “affords 


comparison between: (1) ‘The original observations; (2) the computed 
a 2 single generator, (65); and, (8) the 
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quencies as ‘computed from a Gram ‘series. An application of the called 
An a 
“test of “goodness of fit,” as ‘devised by: Pearson and F R. F isher also shows. 


‘that: a single function does not suffice to describe the observations: 


4 “poorness of fit” ) gives altogether too 40 much weight, however, to yx infrequent. 


and rare observations toward ‘the ends of the curve. A superior, although e 
rather lengthy, test is offered through the so-called “error critique” by Thiele. 
This “error critique,” which utilizes an ingenious eystem of weighting, also 

In reference to “Example c,” giving forty-nine individual observations | 


“rainfall, the the following | simple » procedure i in preference 
Professor Slade. If the Naperian logarithms ie 


‘the forty- -nine individual ‘measures rainfall are arranged in n inter- 

vals of 0. i the ‘resulting frequency values are as shown i in Table 16. pc 


ABLE 16. —FREQUENCIES or LocarituMs or INCHES OF 


the mean, and. 


fore, takes. on 

of O 


Table 7, are lis isted ed i in Table 
—Computation OF FREQUENCIES To CoMPARE WITH Taste 


_ * Taken from “ Table of Probability Integral,” in “ Methods,’ B. Table IV, 
Pp. 119, John Wiley Sons, New York, 1904 


or 
1e — 
h _ 
— 
— 
— 
3.5 to 3. 
ilation yields the value, (2) = M = 8.852, 
y curve, there 
~ 
in which, ¢ = | —>——————— The resulting values, comparable to those in 
— 
| 
i 
7 0.64281 | 31.50 
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as the observed | quantities leads immediately to > the Laplacean probability 
funetion, or normal error ‘curve, without going through the more e complicated 


of the logarithmic transformation. This fact, however, leads 


ne to question the undue stress that Professor Slade has ‘put on ‘the existence 


one were ‘to insist on definite: upper and lower limits of the direct 1 measures of 
rainfalls, why should one not also insist on definite limits, or a finite range 


of variation, for the logarithms of the measures? 


The writer has” referred briefly, to Thiele’s ‘ “pseudo- normal” -vittlates 


has mentioned, asa special case, the transformation, 


n (68) 


which, Zo and represent. the upper ‘and lower ‘limits of the 


This transformation cé can be shown tobe identical to that Proposed by Professor 


Slade i in his “D Most General Function,” Equation (4 (45a). To be sure the latter 
contains | apparently five constants as against four in ‘Equation (68), but aha 


TABLE 18. —Onservattoxs ON THE OF Oar Starks, 0 IN 


¥ 


Column (7) Column} | ary 008 times | 


| 


«ty 


a2 


: 
= ange, 1nste law. I obs 
ated With pormal expoy 
inus infin Ta 
Ta 
fi 
— 
— “the 
— 
| of 
? 


& 


| 


ES 


of m. in Professor Slade’s Equation it appears that the 


= | 


stant, p, is expressed in terms of the other constants, so that after all there 


ad “Example which Slade has chosen his ‘most 
: general frequency function” is too fragmentary to be of much use. No 


_ observed statistical data are given, except in a rough graphical -tepresentation — 
hs: an ‘ustration. of this function and also of the identically same type of 


a. 


transformation Lay (68)) mentioned by Gram, the writer in 


t is found’ by entering the table the probability inver which 

explains the heading for Column (5) as. the anti- probability of I 


The points, t, to x are plotted ‘small circles in Fig. 
If a linear relation, ¢ = h(x) = — 54) 118, 
pproximately. However, this gives a poor fit, because a “glance at the curve, 
t= h(2), shows that it has | a pronounced point of inflection in its central ie 
; egion and tapers downward more rapidly than the straight line; and, likewise, 


t rises more rapidly upward than the straight line. Consequently, the normal 4 
curve that a Jinear_ relation does not apply to the 


assumption finite upper ‘and limits, or ‘te postulate that, 


next step, therefore, i is to estimate the values these upper 


lower limits, or to find an approximation n of Xo tne is possible to 


it is s preferable to use e graphical methods of which a variety is ‘available. ; 
3 A very rapid process has been ‘suggested by the Netherlands : mathematician, 


— 


M. J. Van Uven.* An of ‘this process leads to the choice of of Zo as 


The of the Jogetithms of the fraction, x: 
0 


olumns (7), (8), and (9), of Table 18. Prthicp 


; 
__ ® Koninklijke Akademie Van Wetenschappen te Amsterdain, Vol. 19, No. 4, pp. 533- Sts 
‘ 045, from which the present example relating to oat atalis is taken. 
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Holland, on lengths, in centimeters, of 1008 oat stalks, = 
(1). shows the length, in centimeters, of the 1008 stalk 
the frequencies, F(x), in the intervals shown in Col 
_ ff Column (4) contains the accumulated absolute frequencies; Column (5) lists — 
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the 
. This is most easily done by the 
the interval from = = 70 (in which the majority of the 
“observations is the a anti- probability of I (t) as shown in Column 
is be 


> 


in Column oy Table 18, and 1. 000 mas be taken: as a provisional 


000 1.696 0.188 1.000 0.050 

—0.046 1. 000 —0. 803 0.8386. «1.000 0.994 


046 1.000 —0.391 0.447 1.000 1.491 


‘From these. observation equations one finds (in the notation of Gauss) that: 
= = 0.465; [ac] = = 0. 788; [ao] = Sao = 1. 104; Lee] 
8.000; a nd, [co]. = Xco 1.151. Consequently, 0.465 k — -0.783¢ 


he 704; and, 0. 783 k + 8.000c¢ = — 1.151; or k= = 4.6786 and c = 0. 6018. 


_(4.6786)* = 0.214, and m = 0.6018: 4.6786 = 0.129; ort. 


colt 197 — 0 129 70.214 . 


The ealculation of the graduated curve proceeds now (see Columns (10) 

to (15)) asa simple continuation of Columns (1) to (9): ‘of Table 18. The 
‘detailed calculations sare s self- explanatory, , and the final ‘(Cchemn (14)) 

which gives the graduated curve, shows a reasonable agreement with 


a and ungraduated data i in (Column (2), or Column (15). (See Fig. 7. > 
he | same curve type has been discussed by Van Uven, ‘and it is of 


Pare 


nstant, in Professor 


 Slade’s (on sau 

is evident ‘that the aunty, (m=), must, fall very. close to the 


value of m it in Equation (69), beeause of the fact that ¢ is assumed to be 


distributed, whieh. — that the mean value, coincides 


— 
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6th 
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= lo 0.1289, which checks with previously 
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restriction of 


in the transformed curve 


‘ 


Slade refers to 
Ky Fares for the Tntroduetion of a a new ww function § in a field that literally 


eems with studies. 2 Enough has probably been said in the preceding para- 
graphs to demonstrate that there is little, if any, newness in the’ formulas 


eager they are, to all practical | purposes, identical with those known from 


the old ‘methods of logarithmic transformations of the variate, 


si All ‘such methods go back to Thiele, who a lways took a critical attitude 
“to, the Gaussian law pr with its “implied postulate of arithmetic 
as the most probable value. early as 1866, Thiele introduced the 


ative postulate of the geometric ‘mean as the most probable value, thus 
antedating McAllister,. Fechner, Pearson, ‘and other Writers, by many years.” 

: Thiele’s 8 investigations led him to the obvious fact 1 that if the geometric mean 

of the observations yields the most probable value, t the arithmetic mean of 


z the ee oe of the observations must yield the most probable value of the 


— 
— 
— 

¥ is is analogous, although n corresponds to 
not equivalent, to the introducti 
which af the final roduetion of the authors 
eo. 
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— 
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logarithms .c of. the that the of the | 


ae are assumed to be-normally distributed, a law of. error can be found for the 
observations themseleves by a/logarithmic ‘transformation 0 of the variate. Such q 
a law must necessarily lead to the ge metric mean of the observations as the 


In the text following Equation (7) ‘Professor Slade states ‘in ‘Thiele’ 
solution, is. given as. a definite integral which, ‘cannot 

ef be integrated ; so that the net result i8 an elegant mathematical mpopene which 


me Ue The solution to which ‘dhe author refers 3 is the one in which. the frequency 
ae 5 function is expressed as a definit 


which, 


An 


we ve let t the quantity, « o 


ae 


which is the well- -known error law of Po n 
Also, if all the semi- -invariants of h han the second | are found 


t 


Gauss. In fact, one 


Thus, one finds that, not only the normal error law, but. also Poisson’s 


exponential , are contained as special cases in Thiele’s general 


ho to an in Gram’s series and letting, 


= Co do (x + + » + 8)" 


one lve Thiele’s: integral” and use the solution for the 
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other functions | than "frequency “fonctions "a To the writer this. long 
and well- fact actually rather than detracts value 


can scarcely be considered as sound. if 


ity would imply, among other things, that a Fourier series should be considered Sf 


inferior to a Taylor ‘power "series, although the Fourier series is able to 
expr ress all functions that can be expanded by ‘Taylor's: formula and many 


The same argument of being “too. general” is again by Professor 
‘Slade in his criticism of Gram’s series. He states also that “if pla) idevintes 


appreciably from the normal curve, *, bola) (or is markedly skew), it may take 


thousands: of terms to get even a fair representation.” The writer doubts 


statement. Of “course, if one were foolish enough to select a generating 


unction that. did d not even remotely resemble the rough observations, one 


night drop such an attitude of skepticism ; but, as emphasized both by he 


nd Gram, the choice of the generating function i is ‘to be guided by the obser- . {ag 4 
va ations themselves. For instance, one should ‘not always let; the mean and seus 


the dispersion in the generator be equal to the mean and the dispersion of the 


eo: observations. In greatly skewed ¢ or one- -sided distributions, such as the classi- 


eal example of Ranunculus Bulbosus by deVries,” the variate in the normal 


+ generator should not be taken as ga 

7a 


ough 


, the objection toward the ‘possible: occurrence of 


“(for i = 0,1, 2, 3,....n), in which, Hi(x) represents the Hermite 
of the order, Taking the logarithms on both sides of Equation (82): 


(a) +... » Ha(2) = = log F(z).. 


ity in mathematical analysis. Frotessor Slade, on the other hand, uses a a 
s circumstance as a criticism by stating that Thiele’s solution is “too = 
— 
— 
— 
— 
Bi iii 
— 
— 
‘ 
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and integrating over the. entire range: a 


of 

80 


co 
tables of the Hermite progressing ‘by 


ev 
Section IT of Professor Slade’s paper is devoted ‘a discussion 
to prove the self- evident: fact that as approaches 0, or as the skewness vanishes, 


Equation (11) will converge toward the normal Laplacean curve as a limiting © 
_ form. In order to show this, the author goes through a lengthy mathematical f % sf 
3 


analysis of limits involving certain results originally, presented by the French 
‘mathematician, Hospital. Of ‘course, such complicated networks of. for- 


mulas for limits. become: wholly superfluous under the ‘methods advocated by 
_ Thiele because, if the skewness, or (what is the same thing) ‘the third (and 
higher) order of semi- invariants vanish, an obvious corollary i is derived from 


| Thiele’s theory that the resulting ¢ curve always i is of Laplacean normal form. 
A most interesting point that Professor Slade has very briefly touched 


‘upon is that of compound frequency curves (see “TI—The ‘Partly Bounded 
Function,” Requirement a somewhat problem: from the stan 


Nature i is a curve, compos posed of subsidiary 


error curves, either of normal or non-normal types. 


this connection, it is of inteest to point to the which the French 
mathematician, Poincare, his German colleague, Lindemann; 
Bue “The mathematicians,” Poincare said, ‘ 4 ‘imagine ‘that the law of errors is a 
‘fact of observation, and the observers fancy that it is a’ ‘theorem demon- 


strated by mathematics. » Neither ‘one of these beliefs is true. As’a matter 
of fact, 1 the Russian mathematician, ‘Tschuprov, in discussing whether orl not 


a it is possible t to demonstrate e by means of " empirical methods the existence or 
non-existence e of the exponential law of. error, reached the conclusion that 


none of the numerous } (and at times vast) collections, derived from precision 
and astronomical measurements, offers proof as to the actual existence of the — is 
postulated Gaussian error law. ‘Tschuprov himself leaned toward the opinion 


that the observed ‘statistical samples, especially the 


lt. 
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‘discredit the existence in celebrated law of erro) 
as s had been from purely ‘mathematical speculations. 


ag 


variation curve types, iscuseed | Galton and Karl J Pearson a as 1s normal 


5 


sof ‘two or more e mathematical frequency curves. 


ar ohannsen to the introduction in biological research of his celebrated ‘ ‘pure 


mA 


godt. In other places the writer has made use of this i 
"quency distributions ‘and. “pure: lines” 

of death, but without knowing the of liv 
sons exposed to the risk of death. ax In a ‘sense this purely synthetic method © 

constitutes a ‘solution to the problem of determining the probable values of 

fractions, where only the numerators- are -e known, but. 

every one of the denominators are missing. Of course, it is impossible 


— 


we 


‘solve this problem bs by mere 1 mathematical or ‘quantitetive! methods. only 


ne approach toward a solution seems to be by means of partly quantitative and eng 


partly qualitative methods in the s sense that the numerators, which show the e 
observed | statistics on death, do not only possess the quantitative 
= of § attained ages: at death, | but also the qualitative attributes of the causes of i 
Le death. These two elements in combination with certain biological hypotheses 


ake at least: an approximate solution Possible’ by Means" of mathematical 


dill 


In Fig. the result of such n the 


mortality among Australian males for ‘the period 1907-1915, The. compound 


curve represents the well- -known de column, or “curve of death,” as found | 


Lr in all first- class “mortality: tables; the subsidiary causal or biological com 
_ Ponents give 2» the death curves from specified ‘groups of causes of death ae 


pointed out by Dr. Raymond ‘Pearl, the synthesis as proposed by the 
writer moves along entirely different lines than the earlier frequency curve 
study by Karl Pearson in his interesting “The Chances of Death, 
which I Dr. Pearl states that “actually there is no slightest 
that it ‘[Pearson’s method] represents any “biological reality.” 
“Moreover, the synthesis i is. of so general a nature that is may ‘equally wall 
be applied to engineering problems. 1 Mr. Bassett Jc ones,' 
made use of it in the « design and construction of high- elevators, and 
seems to be equally well adapted for study rainfall by taking into 
consideration the therewith related "geographical, climatic, and “geological 
question which is is of importance to and observers, 


who usually deal with limited samples, is 


5 


s that of the mean (or. probable) errors 


81 
oy _* “Frequency Curves,” by Arne Fisher, Macmillan Co., N. Y., 1922, and also article | 
a Biology of Death”, by Raymond Pearl, Philadelphia, Pa. , 1922, p. 101. 


« “Power Calculations for Elevators by the Method of. Probabilities’ + he: Bassett fc 
Jones, General Electric pp. 545-555 and 
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constants i in 1 certain of frequency cv curves derived by "graphical m 


mutually f free or ‘This implication vis 
can The constants in 1 such curves are correlated i in the sense that they all 
depend on on the lower (or upper) limits of the variate; in fact, the constants 
are mathematical functions of the limits, which in the graphical process are 


chosen subjectively or by the mere aid of the , eye, as as it were. The comet wal 


change i in will influence the other constants. 


Nydell have succeeded, in overcoming and have been 
to give the following for the (or, 
(1 + + 106¢ + + 4794): 
= [(4t7 + 54 + 895% + + 1753t'): 6s]°* 


1 = mean error; the of observations or size 


a,’ one finds = 


oe ;m = = 0. .1823; n = 8 1 
Em (m) = 0.5867; and (wn) = 0. "1474, which shows ‘that the ‘value of 


Pag 
ae logarithmic mean, m, is decidedly uncertain because its mean error is -approxi- a 


he 
H 
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See, for Transactions, Am, Soc. E., Vol. 91. (1927), 
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UNDERGROUND CORROSION 


By Messrs. THOMAS F. WOLFE, AND JOHN R. BAYLIS 


F. M. Am. Soc. C. letter) —A concise descrip 


tion of the corrosion study being conducted at the National Bureau of 
‘Standards, is p 


a century, the investigation of the scene effects of soil had not been given 


the attention it deserved until investigators at the Bureau began their studies, 

“which ¥ were based on a long-time plan and covered a number of different types" ey 
of soil. some tests conducted prior to this changes 
3 


or in the loss of canes the data that would have been useful in 1 interpreting 
ae Tesults. The tests at the Bureau of ‘Standards have been based on a 


plan and from the beginning have been under the 


f one man continuously thereafter. ‘si pat 
The impetus responsible for the intensive study of soil corrosion was ioe 
Tin demons by the fact that oil and gas lines installed in the early days 
cross- country transmission were beginning to show ‘signs of deterioration. 
- Many of these lines were laid in soils that were more corrosive than, soils in 
other er sections of t the country where ‘pipes of considerably greater age were 


These older pipes as a rule we were cast- “iron water 


2 ‘rosion, rather to determine the c corrosive ve qualities of ‘soils, However, ‘the 


‘use of a number of types of ferrous” * pipe ‘specimens ir the work has led s some 
_ engineers to use the data for the comparison of materials. Although the con 


‘This discussion printed in Proceedings, ‘in order that the views expressed may be 
before all for further | iscussion. 


Il. 


= Note.—The pease by K. H. Logan, Esq., was published in March, 1935, Gesecbauink. 
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tinuation of the tests described by Mr. ‘Logan, at some future time, may 


Anos drawing - conclusions a as to relative lives of materials under similar 


ieee that +t his work is really pioneer work an na; ‘although of consider- 


able value, great care should be omens in using | data that are necessarily based 


of the dangers to ‘be ‘avoided ‘in use of these soil corrosion data 


is to attempt at this time to develop any hard and, fast rule regarding pipe- 


ri line | depreciation. The be best guide as to what depreciation actually occurs is to 


examine ‘specimens removed from the property under consideration. . The 
attempt to correlate any given soil with one of the soils s presented in the paper, 


| 


: without having an intimate knowledge of soils, may lead one far astray. Even 
more serious error would result from attempting to predict depreciation 


geographic of ‘Pipe; for instance, of the most 


soil in the original: tests happens: to be Wis. 
ever, very few: of the pipe lines in service in Milwaukee are actually laid in 
“speat: soil; consequently. any one examining the data and predicting a life 
for Milwaukee ont the specimens in | Milwaukee v would be very much 

‘In addition: to pipe lines. data may fin come into use in the 

Under some con- 


For instance, a feorvereien line in an oil field that has a limited life need last 
‘no longer than the field. On the other hand, a water line ‘Gity ‘street 
would properly be considered a permanent necessity. The 1@ econottiieal angle 


eg ‘also with location. Maintenance, reconditioning, or re- laying of cross- 
country lines at comparatively ‘short intervals may be satisfactory from the 


standpoint of the operator of the lines, because of the fact that such lines are 
‘in open country and the excavation ‘costs are ‘relatively small, the ‘ease 


. As a the lines can only: be 
down at great. inconvenience to the consumers. addition to: the cost feature, 


in 


he effect on public relations of ‘repeatedly. opening streets i ia very bad. ‘The 
et result is that a greater expenditure to provide additional life is ‘warra nted 


for water and gas main construction within cities, ler 
“fh When further experience becomes ‘available, the use of soil surveys ‘to deter- 


‘amount and type of protective coating | necessary may develop : 
‘procedure from which tangible ‘results may be expected. ‘It is doubt- 


ful if. soil surveys” within cities 3 will be particularly u useful, | In m many cities i 
‘street grades have been changed by filling with. cinders, ashes, slag, and vari 3 
types of of waste material of a more or less “corrosive nature, In other 
ities, the construction of pavements and the installation of sewers, conduits, 

a ‘and other underground utilities may have disturbed the soil so th 


‘longer resembles the natural, soil of that particular 1 region. e 
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ay tests. of. coatings discussed in ‘the paper ave not been in process long 


enough to maker it possible to draw any conclusions as to} which type of coat 


i_. would id be s suitable ‘for all. conditions, The general conclusion. can be 


drawn, however, that it is difficult to predict. what additional life - may be et 
pected when any of the ordinary coatings used. Coatings which, in 
themselves, might appear ‘satisfactory are often disturbed during installation, 


the posting that remains on the pipe may | be. effective, much 


decreases would indicate that one of the best means. 
prolonging the life of a pipe is to provide additional wall thickness. The 


AS 
~— advantage of additional wall thickness over a co: coating is that the thicker pipe 


mk needs no special handling» to avoid loss of its added protective qualities. 
s _ When one considers that hundreds of millions of dollars of pipe lines are ie 


now in service underground, one cannot help but be impressed by the necessity 

for. developing information on soil corrosion. It is to be hoped that the 
as Bureau of Standards will be able to continue its investigations and that from 


we time to time new 7 specimens and n new w soils m may be brought under the test to 
the end that, at ‘some future time, soil corrosion data will be sc so extensive aa: 


‘that they can be used | by the > Engineering Profession both in valuation and 


design work to ) the same extent as other scientific data. 
he Jo R Bavuis," Assoc. M. Am. Soc. C. (by letter). 


—A brief but 


important, factual ‘summary of the principal findings in ‘the field of under- 
ground, storage, is contained in this paper. . The writer is in full accord with 
Mr. Logan’ 8 interpretation of the facts revealed by the soil | corrosion study 


on practically all phases of the work, Certainly, this problem is now much 
better wi understood the work at National Burea 


he ‘The main comments that can be made writer, except to praise the 
re to urge that it be continued and that it be. extended to i vary- 
the conditions | for the chief types of soils iin which pipe are now being 


ut @ of the various ferrous metals. buried in the same me locality. In the localities 
where the samples of pipe are now buried, it is likely that such factors a 


apy temperature, penetration of oxygen into the soil, and acidity of th 


soil, are the same for ‘samples buried | at a certain ‘point, althoug h t they var 


Ves 


and other that influence the rate of corrosion, 


= Another series of tests might well be undertaken with provisions ‘for vary- 


most if not all of the factors influencing | the corrosion. Part of the soil 
should be covered to represent a pavement. Other parts should be subjected. 
artificial rainfall. An impervious stratum should be constructed under 
another ‘section of the soil so that some | samples “may be e permanently, unde 7 
water in the soil, others under water part of the time and out of v water End 


Physical "Chemist, Bureau of Eng., City of Chicago, Chicago, 
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is likely that soils have been in mois 
ure content, temperature, acidity, ¢ etc., but there are so many factors influenc- y 
g the results that the effect of each factor for each type of soil should be 


ny substantial sum to ‘obtain full 
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